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1. Introduction

Medium manganese (5—12 wt% Mn) steels are a class of third generation advanced
high-strength steels with fine-grained dual-phase microstructures of ferrite (o) and
austenite (y) that are created by cold working followed by intercritical annealing
(ICA). ICA in steel is defined as a heat treatment within a two-phase (i.e., o + )
field that promotes the partitioning of elements to stabilize the dual-phase
microstructure and enables the retention of metastable y down to room temperature.
The alloying elements that stabilize the y are substitutional manganese (Mn), and
interstitial carbon (C). The metastable y can, under the imposition of a stress or
strain, transform to a-martensite and provide increased total elongation by delaying
the onset of necking. This is referred to as transformation-induced plasticity (TRIP)
behavior. Aluminum (Al) and molybdenum (Mo) conversely partition to the o
during ICA and provide solid solution strengthening to counteract the lower
strength metastable y. These medium-Mn steels demonstrate combinations of high
ultimate tensile strength and total elongation from 700 MPa with 65% elongation
to 1550 MPa and 10% elongation.'-?

Most medium-Mn steel investigations have been limited to thin sheet steels
(<1.5 mm). Sheet processing conventionally involves hot rolling, cold rolling, and
concludes with heat treatment to produce the requisite microstructure as described
previously. The high reduction ratios during rolling of thin sheets result in greater
homogeneity in both microstructure and composition as compared to as hot-rolled
plate. For thin gauge steel sheet, Charpy v-notch (CVN) energy or quasi-static
plane-strain toughness are rarely measured. Reports of toughness on these thin
gauges and alloys is most often derived as the product of the ultimate tensile
strength and ductility (Eq. 1), as measured by quasi-static tension tests, and is not
comparative to impact toughness as measured by CVN. This tensile toughness
value is generally calculated using Eq. 1 and is intended as an approximation of the
area under the stress—strain curve; however, this is a gross oversimplification. This
approximation assumes that the response of the steel is elastic followed by a
perfectly plastic behavior, which is not the case for the high work-hardening
medium-Mn alloys.

Tensile Toughness (GPa-%) = Ultimate Tensile Strength (MPa) X total ductility (%) €8

The work of Niikura and Morris® is one of the few studies investigating the
toughness; they used CVN and Kic measurements, of medium-Mn (5-8 wt%) and
high-nickel (Ni) steels (~9 wt%) for use in low-temperature (<—40 °C) applications.
They noted the effect of y on improving toughness, yet there appeared to be a



maximum Yy concentration of approximately 10% that improved toughness, and
they noted that higher values of y began to degrade toughness.

The effect of vy stability is also a crucial component to toughness. Recent work by
Field et al.* showed that v stability is the key component for promoting high —40 °C
CVN values. What they identified is that as the y volume fraction increased the vy
became less enriched in stabilizing elements during ICA from a mass balance
perspective. The reduced stability promoted a thermal transformation at the onset
of cooling to the test temperature producing brittle fresh martensite that behaves as
an easy crack propagation pathway. This novel result showed that the heat treatment
producing the greatest volume of y (33 vol%) also exhibited the higher ultimate
tensile strength (890 MPa), higher tensile toughness per Eq. 1 (50.6 GPa%), but
significantly lower —40 °C impact toughness (20 ft-1b) than the lower y-containing
condition (8 vol%, 730 MPa, 41.8 GPa% and 61 ft-lb, respectively).

The inclusion of carbide-forming elements is also known to influence the
toughness. For instance, the effect of Mo on the toughness of traditional chromium-
nickel steels is well understood yet poorly documented. Work by Nakamura et al.’
from 1979 showed that the toughness was significantly improved as either Mo
increased or C decreased. They showed that Mo could improve the toughness
through a direct strengthening effect when C was low and carbides were not
formed. When C was increased to 0.3 wt%, however, the toughening effect of Mo
was attributed to the formation of favorable carbides like Mo2C.

This report serves to identify the effects of heat treatment (i.e., ICA temperature
and time) and alloying on the microstructure and mechanical properties in medium-
Mn steels. Three different medium-Mn steel plates with and without Mo additions
were evaluated after different heat treatments were applied to evolve different types
of microstructures. This work was also motivated to understand how plate
processing can be applied to medium-Mn steels for thicker gauge applications,
beyond what has been reported in sheet steels.

2. Experimental Procedure

Each alloy in this study was vacuum induction melted and cast into a 10.2- x 45.7-
x 15.2-cm?, 120-kg ingot. The compositions of the alloys are shown in Table 1. The
three base chemistries are designated by their nominal Mn and C concentrations
(i.e., the alloy containing 5 wt% Mn and 0.05 wt% C is designated as “505”).
Modified versions of each of the base alloys (505, 515, and 1015) were also
produced by alloying with 0.5 wt% Mo. These Mo-modified alloys are designated
with an “M”. Composition analysis of the cast materials was obtained by
inductively coupled plasma spectrometry after sample dissolution in hydrochloric



and nitric acid. C, sulfur (S), nitrogen (N), and oxygen (O) contents were
determined using gas combustion analysis. The weight fractions of N and S were
both less than 0.005 wt%, and O was less than 0.001 wt%. Hot rolling was
performed after heating to 1200 °C and holding for 4 h. The ingot was initially
rolled to a width of 30.5 cm and followed by rolling to a gauge thickness of
1.4-1.5 cm. After achieving the final gauge thickness, plates were immediately
transferred to a 700 °C furnace and held at temperature for 1 h followed by air
cooling.

Table 1 Composition in weight percent of the alloys under investigation; balance of
composition is iron (Fe)

Alloy Mn C Si Al Mo
505 501 0.05 0.19 0.19
505M  5.03 0.05 0.20 0.17 0.52
515 5.04 0.16 0.19 0.17
515M  5.08 0.16 0.19 0.18 0.53
1015 9.84 0.16 0.18 1.93
1015M  9.89 0.16 0.19 2.15 0.52

ICA heat treatment was performed to affect y stability by heating to 600 or 650 °C,
holding for 1 or 20 h, followed by air cooling. Phase diagrams generated using the
TCFE10 database in Thermo-Calc 2020b are shown in Fig. 1, with points indicating
the ICA temperatures for each alloy. At the higher ICA temperature a greater
volume fraction of y is expected to form and is anticipated to be of a lower stability
compared to the lower ICA treatment temperature. The 600 and 650 °C
temperatures were chosen based on the results presented in the work by Field et al.*
that showed the kinetics for y stability are significantly retarded in these alloys
when annealing was performed below 600 °C. Following ICA treatment, a carbide
temper treatment was performed for the Mo-containing alloys at either 204 or
530 °C for 2 h followed by air cooling. These conditions are referred to according
to their ICA and tempering conditions as an amendment to the composition
nomenclature (i.e., 505M-ICA650-1-T530 for the 650 °C, 1 h ICA and 530 °C
tempered condition of the Mo-modified 5 wt% Mn 0.05 wt% C alloy. These
tempering temperatures were selected to evaluate the effect of a Stage I temper at
204 °C producing carbon clustering, or formation of M>C carbides as identified in
the phase diagrams shown in Fig. 1. A summary table of the nomenclature for all
alloys and heat treatments is provided in Table 2. Hardness was measured by
Rockwell C and B techniques and converted to Brinell hardness (HBW) for
reporting according to ASTM E18-17.°
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Fig.1  Equilibrium phase diagrams of the nominal base steel composition (a) 0.05C-SMn-
0.2Si-0.2Al, (b) 0.15C-5Mn-0.2Si-0.2Al, and (c) 0.15C-10Mn-0.2Si-2.0Al with varying Mo
contents. ICA treatment temperature indicated for each of the Mo contents is shown for
reference.

Table 2 Nomenclature for composition, ICA conditions, and carbide tempering conditions
for the 505 alloys. Similar nomenclature is used for 515 and 1015 alloys. Composition shown
is nominal for ease of understanding.

Nominal alloy content . Carbide
o Intercritical anneal .
(wWt%) tempering
Temp Duration Temp Duration

(°C) (h) O (h)

Designation
Mn C Si Al Mo

505-ICA600-1 5 0.050202 ... 600 1

A505-ICA600-20 5 0.050202 ... 600 20

505M-ICA600-1 5 0.050202 0.5 600 1

505M-ICA600-20 5 0.050.202 0.5 600 20 o o
505-ICA600-1-T204 5 0.050202 ... 600 1 204 2
505-1CA600-20-T204 5 0.050202 ... 600 20 204 2
505M-ICA600-1-T204 5 0.050.20.2 0.5 600 1 204 2
505M-ICA600-20-T204 5 0.050.20.2 0.5 600 20 204 2
505-ICA600-1-T530 5 0.050202 ... 600 1 530 2
505-1CA600-20-T530 5 0.050202 ... 600 20 530 2
505M-ICA600-1-T530 5 0.050.20.2 0.5 600 1 530 2
505M-ICA600-20-T530 5 0.050.20.2 0.5 600 20 530 2
505-ICA650-1 5 0.050202 ... 650 1

505-1CA650-20 5 0.050202 ... 650 20

505M-ICA650-1 5 0.050.202 0.5 650 1

505M-ICA650-20 5 0.050.202 0.5 650 20 o o
505-1CA650-1-T204 5 0.050202 ... 650 1 204 2
505-1CA650-20-T204 5 0.050202 ... 650 20 204 2
505M-ICA650-1-T204 5 0.050.20.2 0.5 650 1 204 2
505M-ICA650-20-T204 5 0.050.20.2 0.5 650 20 204 2
505-1CA650-1-T530 5 0.050202 ... 650 1 530 2
505-1CA650-20-T530 5 0.050202 ... 650 20 530 2
505M-ICA650-1-T530 5 0.050.20.2 0.5 650 1 530 2
505M-ICA650-20-T530 5 0.050.20.2 0.5 650 20 530 2




The y phase content was measured through X-ray diffraction (XRD) using a Bruker
D2 Phaser diffractometer with a cobalt radiation source operating at a voltage of
30 kV and current of 10 mA. Scans were carried out with a 20 of 45° to 105°, a
0.02° step size, and integrating for 1 s per step. Phase quantification was performed
using Rietveld refinement through the TOPAS software.

The microstructure and phase morphology were identified with a ThermoFisher
Apreo S using an EDAX Velocity detector. Electron backscattered diffraction
(EBSD) scans were performed at an accelerating voltage of 20 kV and a working
distance of approximately 12 mm. Measurements were performed with a scan step
size 0of 400 nm on a hexagonal grid. The resulting EBSD maps were analyzed using
the MTEX package in MATLAB. From the EBSD orientation maps, the prior y
grains were reconstructed using a graph clustering algorithm.”

Sub-sized flat ASTM E8° tensile bars with gauge length of 25 mm and gauge width
of 6 mm were electro-discharge machined (EDM) parallel to the rolling direction
and tested to understand the effect of heat treatment and y content on the tensile
behavior of the alloy. Strain was measured using digital image correlation (DIC),
and tests were performed in displacement control at a rate of 0.01 mm/s using a
250-kN load cell on an Instron model 5989 frame. After fracture the cross-sectional
area was measured and the reduction in area (RA) was calculated using Eq. 2, where
Ay is the initial cross section and Ar is the cross section after testing and fracture.
RA =InZ )
Af

Characterization and testing were performed in a series of screening steps. Initially,
hardness and 7y content were measured on all alloys and heat treatment
combinations. From these results, a second round of screening was performed by
CVN testing at —40 °C using full-size samples in accordance with ASTM E23.1°
Two final heat treatment conditions were selected from each alloy for full
characterization including quasi static tensile testing and CVN from —80 to 60 °C
in the transverse-longitudinal orientation such that the principal stress was normal
to the rolling direction.

3. Results and Discussion

3.1 Screening: ICA Effect on y Stabilization

The purpose of the ICA treatment was to partition C and stabilize y. Successful
partitioning can be observed as an increase in the volume percent of y and may also
be accompanied by a change in hardness. The ICA effect on y volume percent and
alloy hardness prior to secondary tempering is shown in Fig. 2. For each unique



alloy the y content and hardness are generally inversely related (Fig. 2a). This is
understood in the context that v is the softer phase in the dual-phase microstructure.
The 505, 505M, 515, and 515M alloys have significantly less y than the 1015 and
1015M alloys. The 1015 and 1015M alloys also have the highest hardness, with the

505 and 505M alloys generally being the softest.
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Fig.2  Hardness and y content of alloys after ICA treatment and prior to secondary
tempering. (a) Hardness as a function of y volume percent by alloy, linear trend lines for each
alloy shown to guide the eye only. Comparison of base alloy and Mo-modified alloys for (b) vy
volume percent and (c¢) hardness.

The ICA treatment had the smallest effect on the 505 and 505M alloys because
there are lower concentrations of substitutional and interstitial elements that
stabilize the y (C and Mn) compared to the 515, 515M, 1015, and 1015M alloys.
Figure 2a shows that for the 505 alloy, there was little change in the hardness or y
volume percent for the four different ICA treatments, whereas there is a greater
variation for the 505M alloys.

Increasing C content would be expected to increase y stabilization during the ICA
treatment. This is observed in Fig. 2b as the y volume percent of alloy 515 and
515M alloys is approximately double that of the 505 and 505M alloys after 650 °C
ICA. However, Fig. 2b shows that for the 600 °C ICA treatment, there is no
significant difference in y volume percent between the 505 and 515 alloys,
suggesting insufficient partitioning occurred at 600 °C to stabilize y. This effect is
understood to be due to an incomplete stabilization of the y as reported by Field et
al.* for a nominally 5Mn—0.2C (wt%) steel. Despite the similar y volume percent
after the 600 °C ICA, alloy 515 has a higher hardness than alloy 505, with the
highest hardness observed for the shorter (1 h) ICA times. This suggests that the
higher C level in the 515 alloy initially results in a stronger a, and as C partitions
to vy this strength level is reduced.

Figures 2a and b show that the 1015 and 1015M alloys, which have the highest
fraction of the y-stabilizing elements Mn and C, have the greatest fraction of y
regardless of ICA temperature. Like the 515 and 515M alloys, the highest hardness



is observed for shorter ICA times. Unlike the 505 alloy, Y volume percent increases
with increasing ICA time and temperature for the 515 and 1015 alloys, suggesting
that higher Mn and C content enabled more partitioning to stabilize y during
annealing.

Compared to their respective base alloys in the same ICA condition, the Mo-
modified alloys generally had a slightly decreased y volume percent (Fig. 2b) and
a higher hardness (Fig. 2¢). The addition of Mo at a fixed alloy and ICA treatment
leads to a direct decrease in the measured y. This potentially indicates that the
formation of carbides after alloying with Mo within the investigated steels reduces
the available C to stabilize the y. It is also noted that the loss of y by alloying with
Mo was less significant after the 650 °C ICA treatment. This is a result of reduced
MozC stability with increasing temperature. By forming less of the carbide at
650 °C, the carbon potential in the vy is increased, allowing diffusion to the growing
vy for an enhanced v stability.

Mo additions to the alloy increased the hardness at all points in the heat treatment.
This hardness increase is attributed to either solid solution strengthening by the
addition of Mo or by the formation of fine carbides. Further work involving
transmission electron microscopy (TEM) is needed to fully identify the mechanism
for the increase in strength. Interestingly, the 1015/M alloys, which have the highest
v content of the alloy classes investigated here, also have the highest hardness.
There is very little variation in the formed vy after the different ICA treatments, with
an average y concentration of 50 + 5%.

Representative microstructures of the base alloys as depicted by EBSD phase maps
are included in Fig. 3. The morphology of the precipitated y changes with
composition and ICA temperature. For the 505 base alloy, fine y particles are found
along the grain boundaries; after the 600 °C ICA the y is more globular as compared
to the more lamellar morphology after the 650 °C ICA treatment. In the 515 base
alloy, the shape of the y is unchanged with the ICA treatment temperature while the
quantity of y is greatly increased at 650 °C as compared to 600 °C, in agreement
with the XRD results. Similarly, for the 1015 base alloy the morphology of the vy is
consistent regardless of ICA temperature while the amount of y increases with ICA
temperature. The relative y content measured with EBSD is also consistent with the
XRD results.
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band contrast, which highlights fine features within the phase maps.

Additional analysis of the EBSD maps was performed to reconstruct the prior vy
grains. A representative example of the prior y reconstruction for the 505-ICA600-
24-T204 condition is shown in Fig. 4. The orientation map of the a-martensite
structure shows how grains with similar orientations are grouped into prior y grains.
The prior y orientation reconstruction indicates that a significant number of
annealing twins are present in the prior y structure. However, this may also be a
consequence of the difficulty distinguishing the twinned and untwinned orientation
for a given a orientation due to the high symmetry of the parent-child orientation
relationship.
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Fig.4  Representative reconstruction of the prior y microstructure for the 505 base alloy
annealed at 600 °C for 20 h was calculated from the o-martensite and retained y orientations.
An orientation map of a-martensite with the prior y grain boundaries indicated as thick white
boundaries is shown in (a) while the reconstructed prior y orientations with the prior y grain
boundaries indicated as thick white boundaries is shown in (b).

3.2 Screening: Carbide Temper Effect

The carbide temper had a varying effect depending on the ICA treatment and alloying
elements, and a not insignificant effect on the base alloys as shown in Figs. Sa—c. In
the 505 alloy, tempering after a 600 °C ICA led to a decrease in hardness, with no
significant change in y volume percent. For tempering of the 505 alloy after [CA650-
1, an increase in y with no change in hardness was observed. The only ICA temper
combination that affected both hardness and y volume percent in the 505 base alloy
was the ICA650-20 followed by the 530 °C temper. Whereas tempering the 505 base
alloy generally affected the y volume percent more than the hardness, tempering the
515 base alloy had a larger effect on the hardness than the y volume percent.
Tempering 515 after a 600 °C ICA resulted in a decrease in y volume percent with
no significant change in hardness. The 650 °C ICA again had varying results in the
515 alloys, with tempering the ICA650-1 condition leading to decreased hardness
with similar y volume percent and tempering the ICA650-20 condition having little
effect on either hardness or y volume percent. Tempering the 1015 base alloy led to
slight decreases in y volume percent and minimal changes in hardness, except for
tempering the ICA650-1 condition, which had little significant change.

Tempering of the Mo-modified alloys has a more pronounced effect on hardness
than the base alloys, as shown in Figs. 5d—f. In the 505M alloy, tempering at 530 C
decreased the hardness when preceded by a 650 °C ICA treatment. Tempering
505M had little hardness effect for other ICA and temper combinations. The 515M
alloy had decreased hardness after tempering at 530 °C when the ICA treatment
was held for 20 h. An increase in hardness was observed for the 204 °C temper of
the 515M-ICA650-1 treatment. Tempering the 1015M alloy had no significant
effect when preceded by ICA at 600 °C, or for short ICA treatment times.



Tempering the 1015M-ICA600-20 condition with a 530 °C temper resulted in
decreased hardness and increased y. Tempering the 1015M-ICA650-20 condition
led to decreased hardness and decreased y for both 204 and 530 °C tempers.
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Fig.S5 Hardness as a function of y content resulting from various ICA and temper
treatments for base alloys (a) 505, (b) 515, (¢) 1015 and Mo-modified alloys (d) 505M, (e) 515M,
and (f) 1015M

To better assess the influence of Mo modification on carbide tempering response,
the change in hardness and y volume percent between comparable ICA and temper
combinations is shown in Fig. 6. In the 505 and 505M alloy, Mo additions increased
hardness and generally decreased y volume percent. Tempering 505M always
resulted in a net decrease in y volume percent. Tempering S05M for ICA600 always
resulted in a net increase in hardness, whereas tempering 505M for ICA650 resulted
in a net decrease in hardness. In the 515 and 515M alloys, Mo additions increased
hardness except for the untempered ICA650-1 treatment. Tempering 515M-600
conditions led to a net decrease in hardness and a net increase in y volume percent.
Tempering 515M-ICA650 conditions led to a net decrease in y volume percent for
204 °C tempers and an increase in y volume percent for 530 °C tempers. Tempering
the 515M-ICA650-20 condition was a net decrease in hardness, but tempering
515M-ICA650-1 resulted in a net increase in hardness compared to tempering the
515 base alloy. Mo additions to the 1015 alloy generally increased hardness, except
for a few tempered conditions. Tempering 1015M-ICA600 conditions resulted in a
net decrease in hardness, accompanied by a net increase in y volume percent for the
ICA600-20 treatment. Similarly, tempering 1015M-ICA650 resulted in a net
decrease in hardness; however, for the ICA650-20 treatment this was also
accompanied by a decrease in y volume percent.
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Fig. 6  Difference in hardness and y volume fraction between base alloy and Mo-modified
alloy after tempering for (a) S05/M, (b) 515/M, and (c) 1015/M alloys.

3.3 Screening: Charpy V-Notch Results

To identify heat treatments of interest for further testing, an initial subset of the heat
treatments were applied to the six alloys and tested using CVN toughness testing at
—40 °C. Material limitations restricted this testing to a maximum of three conditions
per alloy. The most interesting conditions were selected to allow for comparisons
to be made across the multivariable domain. The results of the impact testing are
shown relative to the y content in Fig. 7a and relative to the hardness in Fig. 7b with
the MIL-DTL-12560K!! specification line shown in reference. The data provided
is tabulated and shown in Table 3. Figure 7a shows most of the Mo-modified alloys
had higher impact toughness than their base alloy counterparts for similar y volume
fractions. The most significant finding of these results was that by alloying with
Mo and proper tempering, both strength and toughness were increased, which is an
atypical response for metals. This effect is generally seen in Fig. 7b and can be
clearly shown when comparing the tabulated values of 505 and 505M after the same
ICA treatment of 20 h at 600 and 650 °C. The 505M, when tempered at 204 °C,
increases the toughness by 20 ft-1b with an increase in hardness of 22 HBW. More
significantly, the 650 °C ICA condition exhibits an 87 ft-lb increase with an
associated 25 HBW. The same trend is observed in all modified alloys with the
addition of the carbide temper treatment at 530 °C. This is indicative of the efficacy
of Mo improving toughness of these medium-Mn steels.
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Fig.7  Initial CVN toughness screening of properties as a function of (a) y volume percent
and (b) hardness
Table 3 Data from subset testing, with final heat treatments for each alloy shown in bold
ICA ICA Carbide CVN
. e e . 04 Hardness
Alloy temp time precipitation (vol%) (HBW) energy
(&) (h) (W) (ft-1b)
505 600 20 13 204 £2 153 +19
650 20 8 209 +£2 19+1
600 20 204 9 226 £1 172+ 4
505M 600 20 530 16 191+£2 158 £20
650 20 204 8 234 +2 106 + 10
600 20 16 225+3 64 +4
515 650 1 21 254 +3 39+1
650 530 17 237+6 24 +2
600 20 204 10 252 +8 76 £11
515M 650 1 204 17 265+3 84+4
650 1 530 23 249 +£2 78 £2
600 1 44 301 +£2 49+3
1015 600 20 49 284 +£2 62+6
650 1 49 302+3 38+2
600 1 204 39 311 +1 84+1
1015M 600 1 530 40 313+£2 73+£2
650 1 204 50 308 +2 72+4

A final set of two heat treatment conditions were selected for each alloy for further
examination via CVN testing as a function of temperature and quasi-static tension
testing. The conditions used are highlighted as bold in Table 3. Selection was
performed to compare the stability and toughening effects of various concentration
of y at near similar hardness levels.
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3.4 Final: Charpy V-Notch Temperature-Dependent Results

The impact behavior of the final heat treatments was investigated as a function of
temperature to identify a ductile-to-brittle transition temperature (DBTT). CVN
impact testing was performed at temperatures ranging from —80 to 60 °C. Only
alloy conditions with room temperature (nominally 23 °C) impact energies below
150 ft-Ib were tested at 60 °C due to equipment limitations. The effect of
temperature on toughness is shown in Fig. 8. For clarity, discussion of the results
is separated by alloy family.
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Fig. 8 Impact properties as a function of testing temperature for the (a) 505/M, (b) 515/M,
and (c) 1015M alloys. Base alloys are shown with solid lines and filled symbols, Mo-modified
are shown with dashed lines and open symbols.

3.4.1 505/505M Alloy

The temperature-dependent CVN results provide further insight into the complex
effect of Mo on the impact toughness of the 505 alloy family. The ICA600-20
treatment results in higher toughness than the ICA650-20 treatment across the range
of temperatures tested. The Mo-modified alloy has increased low-temperature
toughness and decreased high-temperature toughness compared to the base alloy
for both ICA treatments, resulting in a smaller change between the upper and lower
shelf energies. The DBTT is also shifted to lower temperatures from 0 °C to —30 °C
for the Mo-modified alloys. The effect of Mo is more pronounced for the ICA650-
20 treatment, with an increase of approximately 70 ft-Ib at each of the subzero
temperatures tested. At room temperature, however, both the Mo-modified and
base 505 alloy had nominally similar toughness (144 + 4 and 133 + 10 ft-lb,
respectively). For the ICA600-20 treatment, Mo modifications only had a
significant effect on raising the toughness at —80 °C (100 — 120 ft-Ib) and showed
a significant decrease in toughness at room temperature (252 + 20 vs. 190 +
15 ft-1b).

The change in toughness response for the different ICA treatments and Mo
modifications is a function of the y concentration. The 505 after ICA600-20
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contains 15 vol% y while the 505M after the same treatment and a 204 °C carbide
temper only contains 9 vol% y. The lower quantity of y in the structure is considered
more stable as was reported by Field et al.* They showed that as the quantity of y
increases the mass balance of y-stabilizing elements needs to decrease within that
v. This leads to a less thermally or mechanically stable y that can transform before
the initiation of the test during cooling to the lower test temperatures. The
transformation proceeding from the test produces fresh brittle martensite, which is
known to create a less fracture-resistant structure and lowered CVN performance.
The alloys with higher y content, and therefore less stable y, appear to have a
distinct shift in the absorbed energy as the testing temperature increases. The alloy
conditions with especially low —80 °C toughness and less than 18 ft-Ib (i.e., 505-
ICA650-20, 515-ICA650-1, and 1015-ICA650-1) all undergo a significant increase
in toughness at room temperature. It is significant to note that there is on average a
nine-times increase in toughness for the alloy that produced the lowest —80 °C
toughness. For the other three conditions within the 505-alloy family, only a one-
to two-times increase in toughness is observed going from the —80 °C condition to
room temperature. The difference in response is understood vis-a-vis the v stability;
below a certain temperature threshold the y is too unstable and produces conditions
for brittle fracture. At the higher testing temperature where the vy is still stable,
however, the greater volume of y becomes more beneficial and produces greater
energy absorption capacity.

3.4.2 515/515M Alloy

The impact behavior of the 515-type alloys was not significantly altered through
heat treatment modification. The effect of ICA (650 vs. 600 °C) produced an
increase in toughness as ICA temperature was decreased, consistent with what Field
et al.* showed for a comparable alloy of 5Mn—0.20C—bal. Fe (in weight percent)
processed in a similar manner and heat-treated to a similar condition. This is
associated with the y stability. As the ICA treatment temperature increases, the
volume fraction of y increased thereby diluting the stabilizing elements and
weakening both the mechanical and thermal stability of the y. This is best illustrated
when comparing the ICA650-1 and ICA600-20 that contain 12 versus 19 vol% v,
respectively. The lower measured y ICA650-1 condition has an 80% increase in
—40 °C CVN toughness.

For the Mo-modified alloy, the heat treatment approach was different from what
was done with the 505-type alloys and noted previously. When comparing the base
alloy to the low-temperature carbide tempered condition (204 °C), an average of
20 ft-1b increase is observed at testing temperature less than or equal to —10 °C. At
room temperature 515 and 515M carbide tempered at 204 °C are indistinguishable
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(136 £ 5 vs. 138 = 1 ft-Ib). The increase in carbide tempering from 204 to 530 °C
leads to a moderate increase in toughness of approximately 8 ft-Ib at all test
temperature less than or equal to —10 °C. While this is a moderate increase in
toughness, it is also associated with a 5% increase in the strength of the steel, which
is a significant synergistic improvement in toughness and strength.

3.4.3 1015/1015M Alloy

The effect of ICA treatment temperature on the base 1015 alloy is similar to what
was observed in the 505 and 515 base alloys. An increase in the ICA treatment
leads to a reduction in toughness. The effect of ICA treatment on the CVN
toughness is similarly observed in the 1015M alloy. For the two non-Mo containing
conditions, 1015-ICA600-20 and 1015-ICA650-1, the difference in y concentration
is inconsequential (48.9 vs. 49.1 vol%, respectively). However, the 1015-ICA600-
20 exhibits an impact energy that is two to three times greater than the 1015-
ICA650-1 condition. This is an interesting result relative to the y concentration and
requires further study to identify the cause for the increase in toughness. However,
the 1015-ICA600-20 condition exhibits a great reduction in area as measured after
quasi-static tensile testing and is discussed in greater detail in Section 3.5.3.

The addition of Mo produces a significant increase in strength and toughness in the
base 1015 alloys. The highest low-temperature toughness is obtained in the 1015M-
ICA600-1-204T condition, which contains the lowest y concentration of 39 vol%.
For all of the 1015-type alloys, however, the toughness does not increase
dramatically as the test temperature rises. This is potentially understood as being a
function of the y stability. As such, even at the sub-ambient testing temperatures
the v does not transform leading to no significant change in the microstructure as a
function of temperature. This was noted previously in Section 3.4.1.

The 1015M-ICA650-1-204T has the highest y concentration (50.3 vol%); however,
the toughness is not as significantly degraded as that observed in the previously
noted alloys. The high y concentration does lead to a 20 ft-1b drop in toughness at
—80 °C from the superior 1015M-ICA600-1-204T condition but it is not as low as
the 1015-ICA650-1 condition (10 ft-1b). In addition, the 1015M-ICA600-1-204T
toughness is equivalent to the best performing base alloy 1015-ICA600-20 with a
slightly higher y concentration (50.3 vs. 49.1 vol%). This implies that the Mo
addition does provide some toughening that offsets the deleterious effect of y on
the low-temperature toughness of medium-Mn steels. The 1015M alloy after
600 °C and 204 °C carbide temper had the highest yield strength with significant
work hardening observed during quasi-static testing.
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3.5 Final: Tensile Behavior

The stress—strain response of the steels is shown in Fig. 9. The tensile response of
the alloy was interrogated to determine the yield and ultimate strength of the alloys
as a function of the final heat treatment. The quasi-static tensile tests were also
performed to understand the work-hardening behavior and ductility of the steels,
which are described in greater detail in Section 3.6. The tabulated mechanical
behavior is provided in Table 4, with the prior y grain size as measured according
to EBSD.
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Fig. 9  Quasi-static tensile behavior of the (a) 505/M, (b) 515/M, and (c) 1015/M alloys

Table 4 Mechanical property values as measured from quasi-static testing

ICA Carbide Yield Ultimate Uniform Total Reduction Prior y
Alloy temp/time precipitation strength strength elongation elongation inarea  grain size

(°C-h) (Y] (MPa)  (MPa) (%) (%) (true) (pm)
600-20 470+ 14 755+2 259+0.1 39.5+0.1 128+001 53+21
205 650-20 305+7 8661 17.7+£0.9 309=14 122+0.10 54+12
600-20 204 6005 771+1 113+0.1 238+6.5 1.37+0.02 7940
S05M 650-20 204 340+1 887+5 17.5+0.1 33.0+0.1 1.09+0.02 51+29
515 600-20 543+4  772+3  206+1.1 382+1.1 1.13+£0.03 49+16
650-1 560+1 867+1 33.6+08 432+0.1 0.85+0.05 63+24
650-1 204 6357 9201 299+15 387+24 0.85+0.05 3917
S15M 650-1 530 6684 908+2 244+06 343+£04 0.86+0.06 5726
1015 600-20 628+4 993+2 26.5+0.1 39.5+0.9 092+0.03 45+19
650-1 610+14 1115+1 289+13 39.0+32 0.78+0.04 39+14
L015M 600-1 204 730+ 14 11041 17.7+0.4 287=1.1 0.76+0.07 26+16
650-1 204 6284 10774 294+02 380+06 0.74+0.06 3616

3.5.1 505/505M Alloy

As would be anticipated the low-C, low-Mn alloys (505 and 505M) both exhibit
the lowest yield strengths. These alloys, however, also produce the highest post-
necking ductility as measured by reduction in area. The effect of Mo addition plus
the tempering step shows the greatest change in properties occurs between the
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505-ICA600-20 and the 505M-ICA600-20-204T with a 130-MPa increase in the
yield strength with a minimal change in the ultimate tensile strength of the material.
The 505-ICA600-20 exhibits a greater degree of work hardening from the lower
initial yield strength to the equivalent ultimate strength. The lower yield strength of
the 505-ICA600-20 is attributed to the higher volume fraction of y (16 vs. 9 vol%)
while the greater content of y provides an increased capacity for the TRIP effect
leading to a greater total ductility during the quasi-static tension tests. The 505M-
ICA600-20-204T has a significantly reduced total elongation with a 15% relative
decrease in both the total and uniform elongation as compared to the base alloy
with the same heat treatment. However, the increment of strain beyond uniform
elongation (i.e., post-necking elongation) is similar for both alloys with a difference
of 0.7% strain. This is further corroborated by the fact that they both are measured
to have similar total reduction in area.

In the 505M-650-20-204T, as compared to the 505-650-20, the addition of Mo
leads to moderate yield strength increases without any significant change in the
ultimate strength or change in elongation response. The measured y concentration
between these two conditions is measured to be the same, 14 vol%. This would
further corroborate the effect of y on the yield response as discussed previously on
the y content relative to the initial yielding behavior. There is a slight increase in
the yield strength however from the Mo plus temper state and the possibility for
some solid solution strengthening to the alloy.

3.5.2 515/515M Alloy

The base alloy comparison was done at two different ICA treatments with both
temperature and time varied. The longer time was used on the lower temperature to
allow y-stabilizing elements to diffuse and reach near equilibrium, and a shorter
time was used at the 650 °C ICA treatment. They produced similar y concentrations:
6 vol% for the 600 °C 20-h treatment and 21 vol% for the 650 °C 1-h treatment.
These two treatment combinations were chosen to identify if at equivalent
tempering parameters as calculated by the Holloman-Jaffe tempering parameter
(Tp)'? shown in Eq. 3, they would produce similar properties.

T, =T * (logt + C) 3)

where T is the temperature in kelvin, # is time in hours, and C is a constant typically
ranging from 15 to 20. While the yield strengths were very similar, the ultimate
tensile strength and ductility were observed to be higher in the ICA650-1 condition
compared to the ICA600-20 state. This is attributed to the higher volume fraction
of y in the ICA650-1 treatment and higher work hardening producing an
approximately 100 MPa increase in ultimate strength. This is assumed to be
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evidence of the TRIP effect where y transforms to a-martensite during straining.
TRIP is a well-documented phenomenon in steels of this class.!* The increase in
work hardening and the activation of a greater volume for TRIP behavior is also
accompanied with a decrease in post-necking ductility and total reduction in area
similar to what Lloyd et al.'* showed for high-Mn TWIP and TRIP steels.

For the Mo-modified alloy, the effect of the carbide temper temperature on
properties is evaluated relative to the ICA650-1 base state. After the 204T carbide
temper there is a 13% increase in the yield strength and a 6% increase in the ultimate
strength. This is accompanied by a 10% reduction in both the total and uniform
elongation; however, the total reduction in area is not significantly altered (—0.4%).
At these lower temperature tempers the e-carbide (M2.2C) is the transition carbide
anticipated to form and is considered an effective strengthening agent that is not
deleterious to the toughness of the steel. There is also the possibility of M>C
n-carbide rich in Mo. However, without TEM analysis this is not verified and is a
topic for further investigation. When the tempering treatment was increased to the
530T, there is a mixed effect on strength. The yield strength is increased 19% from
the base 515-ICA650-1 and 5% from the 515M-ICA650-1-204T. There is a slight
change in the ultimate strength of 18 MPa; however, this is not considered
significant. There is a similar loss in total and uniform elongation relative to the
515M-ICA650-1-204T condition. However, there is an increase in the post-necking
ductility and the reduction in area (relative 12% and 1% change, respectively) that
is associated with the highest low-temperature toughness. It is assumed that this
treatment does produce the requisite n-carbide and would be consistent with
Nakamura et al.’s results® on the high-C steel alloys. Relative to y volume fraction
and stability, the 515M-ICA650-1-530T samples contain the highest vy
concentration of the 515-type alloys.

3.5.3 1015/1015M Alloy

The 1015 and 1015M alloys exhibit the highest work hardening and ultimate
strength of all alloy and heat treatment condition combinations. With the higher Mn
content, these alloys produce the highest y concentrations and the greatest work
hardening compared to the lower Mn steels. When examining the base 1015 alloy,
the effect of different ICA treatment time and temperature combinations with a
constant T, were interrogated. At roughly equal y concentrations (~49 vol%) these
alloys have the highest concentration of y for all the alloys and conditions subjected
to tension testing. The two ICA treatments produce statistically equivalent yield
strengths. The higher temperature ICA treatment does produce a greater degree of
work hardening leading to a slight increase in the ultimate tensile strength.
However, the measured increase is small, approximately 25 MPa. The largest
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difference is in the reduction in area with a relative difference of 15%, which is
discussed in greater detail relative to the CVN toughness of the steel in Section 3.6.

The carbide tempering on the Mo-containing alloys produces mixed results for the
high-Mn steel. The effect appears to be a function of the prior ICA treatment and
the y concentration developed therein. The 1015M-ICA600-1-204T produces a
100-MPa increase in yield strength with a negligible change in the ultimate
strength. However, this could be due to the reduction in y content from the base
1015 conditions (39 vol%). Section 3.1 discusses how increases in the y
concentration can lead to a decrease in the initial yielding response. This theory is
further supported by the 1015M-ICA650-1-204T in that a y concentration of
50 vol% has a yield strength similar to that observed in the 1015-base alloys with
similar y concentrations.

3.6 Discussion: Toughness and Ductility Relationship

The reduction in area is a significant measure of a materials ability to accommodate
plastic strain and its damage tolerance. While the total ductility, as measured
according to the engineering strain to failure, varies significantly between alloys
and heat treatments, the reduction in area appears to be consistent to certain
features. The low-C, 5Mn alloys (505 and 505M) exhibit the highest reduction in
area of all the alloys. This is associated with the greatest post-necking ductility. The
10-Mn alloys (1015 and 1015M) exhibit the lowest post-necking elongation and
reduction in area. The 515 and 515M alloys lie between.

It is interesting to consider that most alloying strategies for medium-Mn steels
attempt to optimize for the greatest quantities of y through heat treatment:
producing the greatest volume of y to delay the onset of necking by the TRIP
mechanism. However, total elongation and total ductility are not good measures of
plasticity or damage tolerance. A material that fractures at the onset of a plastic
instability (i.e., necking) in fact has lost a degree of plasticity relative to a material
with the same total ductility but a large quantity of elongation post ultimate tensile
strength. These concepts were addressed in the work by Field et al.,* which showed
that the stability, not volume, of y is most indicative of CVN toughness. Also, the
sensitivity of medium-Mn steels to plastic instability was addressed vis-a-vis
modeling efforts by Lloyd et al.!* They showed that for TWinning Induced
Plasticity (TWIP) and TRIP steels there is very limited post-necking elongation
even when total ductility is measured to be greater than 50% strain. They postulated
that this effect was caused by the material’s inability to accommodate neck
formation, and upon the initiation of necking the material fails. While the work by
Lloyd et al.'* investigated alloys exhibiting TWIP or TRIP responses and the
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reported stress—strain behavior, the reduction in area was not typically reported. It
could easily be assumed that these steels would have relatively low reduction in
area due to the limited post-necking ductility.

In this work, the true reduction in area is contrasted with the —40 °C CVN toughness
data. Figure 10 shows data compiled from this report as well as literature data on
medium-Mn steels, high-strength steels with very high yield strength (>1100 MPa),
and highly alloyed cryogenic 9 wt% Ni steels. It was found that these alloys follow
an exponential relationship with a coefficient of determination (R?) of 0.79. The
authors are unaware of any direct relationship reported in literature between the
quasi-static material response and the CVN impact energy of a steel. This
observation further emphasizes that to improve the damage tolerance of an alloy,
the reduction in area must be maximized. This is the first work to illustrate a direct
relationship between quasi-static behavior and Charpy impact response across a
variety of steel alloys. Also, the alloys shown here span beyond medium-Mn TRIP
steels, incorporating low-alloy high-strength steels with yield strengths in excess of
1500 MPa.'>"'” With respect to medium-Mn alloys, Liang et al.!” measured both
the quasi-static and impact performance as a function of ICA temperature on a steel
with a nominal composition of 0.1C-3.6Mn-bal. Fe (weight percent). They
measured a peak in the 40 °C toughness that coincided with a maximum of the
reduction in area and was independent of strength, both yield and ultimate, as well
as total elongation.
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Fig. 10 True logarithmic reduction in area from quasi-static tension test relative to —40 °C
CVN
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3.7 Discussion: Grain Size

Interrogation of the prior y grain size was performed to determine if there was an
effect on the tensile properties of these steels. The grain size effect was correlated
by the traditional Hall-Petch relationship as shown in Eq. 4:

1

75 “)

where the strength is inversely proportional to the square root of the grain size (D).
To identify the effect, the grain size was graphed against the yield strength, ultimate
tensile strength, and reduction in area as shown in Fig. 11. Figure 11a shows no

Strength «

strong correlation across alloys or even within each alloy system for the yield
strength, and Figs. 11b and ¢ show a weak correlation for the ultimate strength and
reduction in area, respectively. The figure also shows as the grain size is reduced,
the reduction in area decreases. These results, however, do not exclude the
possibility for a Hall-Petch effect within each alloy system as there are only two
data points for each alloy. This analysis was performed to determine if the Hall-
Petch effect was a strong indicator for the behavior observed. It does not appear to
be at this junction. To truly investigate if there is a significant contribution, a
systematic variation of grain sizes would need to be intentionally produced and
compared to the strength for each alloy. The relative error on the grain size
measurements, as shown in Table 4, are very large though this is in part a
consequence of the prior y reconstruction process and the relatively limited data set
employed.
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Fig. 11 Investigation of Hall-Petch relationship to (a) yield strength, YS, (b) ultimate tensile
strength, UTS, and (c) reduction in area

4. Conclusion

Six medium-Mn steels with variations in C, Mn, and Mo content were investigated.
The low-C, low-Mn steel modified with Mo had the highest low-temperature CVN
toughness of all the steels tested in this work. Within each base alloy, the addition
of Mo increased both the hardness and the CVN toughness of the alloy and provided
a synergistic strengthening and toughening of the steel, which is typically unheard
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of. Increases in the y concentration were found to increase the alloy work hardening
capacity due to the TRIP effect of the steels. This effect was maximized in the alloy
with 10 wt% Mn that contained greater than 45 vol% y. The quasi-static tensile
behavior was related to the 40 °C CVN toughness according to the logarithmic
reduction in area and was found to be related through a simple exponential
relationship. This was understood to be due to the increased ability to accommodate
damage and provide greater toughness as tested by the Charpy v-notch test at
—40 °C. The correlation withstands scrutiny for alloys that exhibit TRIP behavior
as well as high-strength steels with yield strengths in excess of 1500 MPa found in
literature.
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