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ABSTRACT

Forging simulation tests were perfonned at various
temperatures and cooling rates on ferriticlpearlitic (PIP)
and nontraditional bainitic microalloyed steels containing
0.30% C, 1.46% Mn, 0.039% S and 0.098% V, and
0.24% C, 1.55% Mn,0.54% Si, 0.23% Mo,0.137% V,
and 0.009% Ti, respectively. The effects of forging
temperatures, between 850°C and 1250°C, and cooling
rates on the flow Stress, microstructure, tensile properties,
and toughness of the two types of steels are presented.
An empirical model is developed and is demonstrated to
give an accurate relationship between the maximum flow
stress during hot deformation «1,..) and the Zener -

Hollomon parameter (Z). Mechanical property results
show the beneficial effect of low temperature forging and
titanium microalloying, respectively, on austenite grain
size refinement of the FIP and bainitic microalloyed
steels. Decreasing the forging temperature from 1200°C
to 900°C lowers the as -cooled Charpy ductile to brittle
transition temperature (DBTT) from 55°C to -25°C and
raises upper shelf absorbed energy from 75 I to 150 I for
the FIP microalloyed steel, while decreasing the yield
strength from only 540 MPa to 490 MPa. The bainitic
microalloyed steel microstructure and properties are
affected less by the forging temperature, consistent with
an almost constant austenite grain size. However ,
specimens forged at 1200°c developed improved DBTf
and upper shelf Charpy behavior (30°C, 105 I) compared
to those forged at 900°C (50°C, 75 I) with yield
strengths near 515 MPa. The crack tip opening
displacement (CTOD) fracture toughness test, which
utilizes a static strain cite more representative of those
encountered in service, shows transition temperatures an
average of 60°C below those detennined by dynamic
Charpy V -notch testing for the two microalloyed forging
steels.

Direct cooling of medium -carbon microalloyed
forging steels offers a cost advantage over the traditional
processing of quenched and tempered forging
steels (I, 2). This benefit has resulted in significant
research devoted to the development of microalloyed
forging steels in the automotive industry over the past
fifteen years (3 -12). Applications that use microalloyed
steels are increasing, and typical examples include
connecting rods, steering knuckles, yokes, and
crankshafts (I, 2).

Two types of microalloy~ forging steels have
been developed to utilize the direct cooling process. The
first type is designed to produce a matrix microstructure
of ferrite and pearlite. For the remainder of this paper ,
the ferritic/pearlitic microalloyed steels will be referred to
as F/P. The matrix of the second type of microalloyed
steel consists of a nontraditional bainitic (NTH)
microstructure, with acicular ferrite, carbides, and a
martensite/retained austenite (Ml A) constituent. Both
steels achieve strength over that of the matrix by the
precipitation of vanadium carbonitride particles during
direct cooling.

Recent developments of F/P microalloyed steels
have focussed predominately on improving toughness.
Toughness is usually reduced by the presence of
precipitates and the inherent cleavage fracture mode
associated with pearlite. Because of the decreased
toughness as compared to quench and tempered steels,
F/P microalloyed steels are primarily limited to
applications where moderately high strength is required
but high toughness is not essential. One design approach
to increase toughness is to reduce or ecliminate the pearlite
microconstituent, an approach which also has a detriment
of decreasing the strength of the F/P steel. This has led
to the development of the NTH steels.

Microalloyed steels with NTH microstructures
have superior room -temperature toughness values over
F/P steels at similar strength levels. Retained austenite in
the bainitic matrix sustains increased plastic deformation
due to its low strength and strain -induced transformation
to rnartensite. Thus, more energy is absorbed during
deformation and fracture compared to austenite -free

steels (13, 14).
Grain refinement through control of the austenite

grain size at forging temperatures is a method which can
improve both the toughness and strength of steel. Fine
austenite grain sizes result in fine ferrite grain sizes for
steels of any microstructure types. Gladman, et al. have
developed equations which relate microstructural
parameters, including ferrite grain size, to the strength
and toughness of steels (15). For F/P steels, the yield
strength is given by:

~1/J[2.3 + 3.8(%Mn) + 1.13d.:lll]

-fa1/J)(11.6 + 0.25 S)-lll

uys(MPa) = 15.2

+ (I

+ 4.1(%Si)
[I]
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where flY' is the yield strength in MPa, fa is the volume
fraction proeutectoid ferrite, da is the proeutectoid ferrite
mean linear intercept grain size in mm, S is the pearlite
interlamellar spacing in mm, and Nf is the uncombined or
free nitrogen content. A similar equation is developed for
the ultimate tensile strength. The equation shows that the
characteristics of {)e:arlite, namely interlamellar spacing,
becomes increasingly more important as the volume
fraction pearlite increases in medium carbon steels. Other
equations predicting the strength of F/P steels are also
based on the pearlite content (16, 17). Additional
strengthening by dispersion of the vanadium carbonitride
precipitates is not accounted for in the Gladman
equations, and is increased by a larger volume fraction of
smaller, closely spaced particles, as described by
Ash by (18). Recently, Sawada, et al. have developed
terms to account for the strengthening effect of vanadium
and niobium in a series of medium carbon microalloyed
steels (19). The Charpy V -notch (CVN) transition
temperature of FIP microalloyed steels is given by:
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= fa( -46 -11.5d~lll)

+ (1- fa)(-335 + 5.6S-1/2

-13.3 d;lll + 3.48 x 106 t )

+ 48.7(%Si) + 762(%NJlll [2] temperatures produces a finer austenite grain size by

retarding the large angle grain boundary migration
required for recrystallization and grain growth. The
effect of forging temperature on the statically
recrystallized austenite grain size of a titanium -modified
steel is given in the following relationship (24):

[3]DRXN = 4.3 + 195.7 D~.IS £ (e 3SO.lm/RT)- 0.11

where DRXN is the calculated austenite grajn size after
deformation in p.m, Do is the measured austenite grajn
size prior to hot deformation in p.m, £ is the true strain,
R is the gas constant (8.314 Ilmole-K), and T is the
absolute temperature, in K. This empirical model
provides good agreement with the data generated from the
NTH microalloyed steel in this study (25).

Advantages of forging at lower temperatures in the
austenite phase field include increased dimensional
control, reduced oxidation, and lower furnace energy
costs (26). Forging at lower temperatures also increases
the workpiece flow stress, leading to mechanical fatigue
and reduced die life (27, 28). The temperature
dependence of flow stress at constant strain and strain rate
is generally represented by an Arhennius type

equation (29):

Ur = CeO'IRT I
B,t

[4]

where I is the impact transition temperature corresponding
to a Charpy absorbed energy of 27 J in oC, d, is the
pearlite colony size in mm, and t is the pearlitic cementite
plate thickness in mm. The solute contents in both
Equations [1] and [2] are in weight percent (15).

Steels with acicular ferritic and bainitic
microstructures are more complex and difficult to
characterize quantitatively. However, strength is
observed to be related mainly to the grain size,
dislocations, carbide dispersion and solid solution (20).
Bainitic ferrite packet boundaries or prioraustenite grain
boundaries act as effective barriers to cleavage crack
propagation, so that finer austenite grain sizes result in
steel that is tougher. It is readily apparent in the above
discussion that the strength and toughness of steels can be
improved by a finer austenitic grain size.

Refinement of the austenite grCl.in size may be
accomplished by various methods. Recently, titanium, on
the magnitude of 0.01 percent, has been added to forging
steels for the purpose of retarding the austenite grain
growth (21, 22). The titanium has very low solubility in
the presence of nitrogen and forms fine titanium nitride
particles, below 0.1 p.m in size, and as shown in
Figure 1, restricts the growth of austenite grains at
temperatures as high as 1250°C (21 -23). The chemical
design of steels containing titanium and vanadium is such
that all the titanium is combined with nitrogen upon
cooling after casting, and excess nitrogen is left for
vanadium carbonitride precipitation.

Forging of medium carbon steels is typically
performed at relatively high temperatures, around
1200°C, in the austenite phase field. Forging at lower

where O'r is the flow stress and Q' is the apparent
activation energy in J/mole.

The CVN impact test, due to its low cost and
relative simplicity, is the most widely used technique for



EXPERIMENTAL PROCEDUREdetermining the toughness of a given metal. However,
the high hammer velocity , approximately 5.2 m/s (30), in
the CVN test may render the test as an excessively
conservative method of characterizing the toughness of a
steel in forging applications. The CVN test has an elastic
stress concentration factor, K., of 3.45, resulting in a
strain rate of approximately 540 S.I (31). However,
maximum strain rates under service conditions of forgings
used in heavy equipment, for instance, have been
measured to be only 0.06 S.I (31). A decrease in strain
rate shifts the DBTf to lower temperatures, as shown
schematically in Figure 2 (32). This shift in transition
temperature between impact and static loading (for both
CVN and KK:-Km testing) has been approximated, for
structural steels with FIP and quenched and tempered
microstructures, and yield strengths between 250 MPa
and 965 MPa, by (33):

Characterization of the Steels
The chemical compositions of the two steels are

presented in Table I. The 15R30V microalloyed steel is
a high manganese carbon steel modified with vanadium.
This steel is designed to produce a ferritic/pearlitic
microstructure after cooling to ambient temperature. A
carbon content of 0.30 percent provides improved
toughness relative to higher carbon steels and the 0.039
percent sulfur provides enhanced machinability oVer lower
sulfur level steels. The steel designated as 1522MoVTi
is a high -manganese carbon- steel, modified with
molybdenum and microalloyed with vanadium and
titanium, and is designed to produce a NTH
microstructure after air cooling to ambient temperature.
Both steels were melted in electric furnaces, continuously
cast, then hot rolled into round bar. The 15R30V steel
was initially rolled into 95 mm (3.75 in.) diameter bar 1
then into 29 mm x 102 mm x 381 mm (1.125 in. x 4 in.
x 15 in.) plate. The 1522MoVTi steel bar size was
25 mm (1.0 in.) diameter .

T shin = 119 -O.12u)' [5]

where T ~ is the absolute magnitude of the shift in the
transition temperature between static and impact loading,
oC, and q,. is the 0.2% offset yield strength at 25°C.

The current study describes the effect of forging
temperature and cooling rate on the final microstructure
and properties of a microalloyed F/P steel and a
microalloyed NfB steel. As -cooled microstructures are
characterized and the influence of microstructure on the
tensile and toughness properties is discussed. Results of
static crOD fracture toughness testing are presented and
compared to those obtained by dynamic CVN testing.
The flow stress increase at lower forging temperatures is
also discussed and modeled.

Thermomechanic3.l Processor Stud):
Hot compression tests of both steels were

performed on a thermomechanic3.l processor (fMP)
hydraulic test system specific3.lly designed for high strain
rate, highly controlled forging simulations (34). Samples

Table I -Sample Chemical Composition of 15R30Y and
1522MoYTi Microa1loyed Steels, in Weight Percent

(Oxygen and Nitrogen in ppm)
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Both specimen sizes were machined to produce an
orientation so that the longitudinal specimen axis was
parallel to the rolling direction of the bar or plate. The
schematic of Figure 3 shows the orientation of the forging
specimens with respect to the original bar and plate.

All of the specimens for mechanical testing were
heated to temperatures of either 900°C, 1050°C, or
1200°C in an air atmosphere box furnace, and held for 30
to 60 minutes for the small and large specimens,
respectively. The specimens were forged within
5 seconds after removal from the furnace, then forged on
edge so that the 30 mm (1.2 in.) anvil reduced the middle
dimension to 50% in height, resembling a "plane strain"
condition (see schematic, Figure 3). Graphite sheets were
taped to the top and bottom anvils prior to forging for
lubrication to reduce frictional effects.

The 1522Movri microa1loyed steel specimens
were cooled in still air, as were the 15R30V steel
specimens of the same size. The larger 15R30V
specimens were buried in a sand -insulated medium to
impose a slower cooling rate. Sand insulation was chosen
because the resulting cooling rates approximate air
cooling rates achieved with larger industrial forging sizes
in typical applications for the 15R30V steel (37).

Cooling rates were determined by averaging the
rate between 800°C and 500°C, the range in which
austenite decomposition and vanadium carbonitride
precipitation occur. Rates were calculated to be 1.44 oC/s
and 0.33°C Is for the small size air cooled and large size

sand -insulated cooled forgings, respectively.

were machined from the as-received steel plate and bar
for the 15R30V and 1522Movri microalloyed steels,
respectively. The 18 mm long by 9 mm diameter
cylindrical samples were oriented so that the longitudinal
axes of the samples were parallel to the rolling direction
of the wrought product. Some specimens were machined
into 14 mm long by 7 mm diameter cylindrical samples
to reduce the load on the platens at lower deformation

temperatures.
Both alloys were hot deformed at various

temperatures, ranging from 850°C to 1250°C, in the
austenite phase region. The 15R30V samples were
induction heated to the deformation temperature, held for
five minutes, then compressed at an imposed strain rate
of 1.0s-1 or 23s-1 and to an axial engineering strain of
50% or 75%. The 1522MoVTi microalloyed steel
specimens were induction heated to 1200°C for ten
minutes, cooled at a rate of approximately loC/s to the
deformation temperature, and compressed at a strain rate
of 23s.1 and an axial engineering strain of 50%. No
lubrication was used between the platens and workpiece,
but finite element modeling (FEM) analysis determined
the amount of friction to have a negligible effect on the
maximum flow stress (35). Selected samples of both
microalloyed steels were subsequently helium gas
quenched at a calculated cooling rate of approximately
21°C/s to achieve a fully martensitic structure for the
purpose of determining the prior austenite grain size.
Load, displacement, and time data were collected during
compression to observe the flow behavior and strain rate
at the various temperatures.

Specimens were prepared for austenite grain size
measurements. The deformed samples were cut in half
through the transverse center axis, and tempered at 475°C
for 24 hours in an air atmosphere box furnace. This
treatment causes phosphorous to segregate to the prior
austenite grain boundaries, increasing the grain boundary
susceptibility to picric acid etchant attack. After the
temper treatment, the samples were metallographically
prepared for grain size measurement, which included a
combination of backpolishing and etching in a picric acid
solution with dodecylbenzenesulfonic acid sodium salt
used as a wetting agent. Grain size measurements were
made by the mean linear intercept method (36).

Metallo~ra~h~ of the For2in2s
Metallographic specimens were machined from the

forging samples consistent with the mechanical property
specimen center axis location. Metallographic specimens
were taken from the center of the small forging samples,
and specimens were removed from the quarter section of
the large specimens. The metallographic specimens were
oriented such that the plane of polish was parallel to the
longitudinal axis of the original bar or plate rolling plane.
Samples were ground, polished, and etched in a 2% nital
solution for the purpose of observing the microstructure.
The 1522Movri samples were measured for retained
austenite by diffraction techniques using chromium K..
x -rays on the polished and etched surface of the

metallographic specimens.For~in~ Ex~riments
Hot defonnation on larger specimens of the two

stecls was perfonned with a larger 500 kN (110 kip)

hydraulic thennomechanical simulator. This larger

specimen hot deformation testing will be referred to as

"forging" for the remainder of this paper to distinguish

this experimental work from TMP hot defonnation testing

of the smaller specimens. Specimens with rectangular

croSs sections measuring 15 mm x 22 mm x 89 mm

(0.60 in. x 0.850 in. x 3.5 in.) were machined from the

as -received bar and plate of the 1522Movri and

15R30V microalloyed steels, respectively. Larger
15R30V steel specimens measuring 25.4 mm x 50.8 mm

x 101.6 mm (1.0 in. x 2 in. x 4 in.) were also machined

from the as -received plate.

Mechanical Testin~ of the For2in2s
Two round tensile specimens with a reduced

section gage diameter of 6.35 mm (0.25 in.) and gage
length of25.4 mm (1.0 in.) were tested per ASTM E8 for
both steels at each of the conditions (38). The cross -

head velocity was 0.05 in./min.
Standard size CYN specimens were impact tested

according to ASTM E23 (30). Complete transition curves
were generated for both steels at each condition.
Specimens were at temperature for a minimum of fifteen
minutes and then broken within 5 seconds of leaving the

heating or cooling media.
Crack tip opening displacement (CTOD) testing

was performed on fatigue precracked single edge notch
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of deformation temperature, is presented for both steels
in Figure 4. Maximum flow stress levels double upon
reducing the forging temperature from 1200°C to 900°C.
No significant differences in maximum flow stress at the
various temperatures were noticed between the two
microalloyed steels. Therefore, modeling of the
maximum austenitic flow stress with deformation
temperature was performed with all data points, as
discussed below.

bend specimens with identical geometry to the CVN
specimens (10 mm x 10 mm x 55 mm). Samples tested
included both microalloyed steels forged at 900°C and
1200°C, and cooled at the two different rates. The
specimens were precracked and tested in three point
bending. Specimens which were tested below ambient
temperature were immersed in a liquid media and were
within :t 10°C of the testing temperature for a minimum
of fifteen minutes prior to testing, and held to within
:t 5°C during testing. Tests were run with clip gage
displacement control at crack mouth integral knife edges,
at a rate of 3.18 X 10-3 mm/s. CTOD values, 0, were
calculated from the plastic component of the critical crack
opening displacement (COD) values based upon the point
of critical load measurements. Two types of behavior
that were observed for the tests, where specimens achieve
unstable crack growth before and after a maximum load
is attained, and are defined as 0. and 0.., respectively.
Geometrical sizes, testing apparatus, fatigue precracking
maximum loads, and testing rates were all performed per
ASTM E1290 (39), with minor exceptions (35).

The schematic of Figure 3 shows the orientation
and sample location of the mechanical property
specimens, and the CVN and CTOD toughness test
specimen notch locations, with respect to the forging
samples and the original- wrought product.

RESUL TS
Figure 4 Maximum flow stress, as a function of

deformation temperature, at a strain rate of
235-1 and axial engineering strains of 50%
and 75%.

TMP Flow Stress Stud):
Maximum flow stress at a strain rate of 23s-1 and

axial engineering strains of 50% and 75%, as a function



The following equation relating the maximum flow
stress, deformation temperature, and strain rate was used
to model the data (40):
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where <1pcat is the maximum flow stress in MPA, Z is the
Zener -Hollomon parameter (Z = teQ/RT ), t is the

measured steady state stJajn rate up to the point of
maximum load, Q is the apparent activation energy in
Jlmole which is related to the activation energy Q' in
Equation [4] by Q' = mQ, R is the universal gas constant

(8.314 Jlmole K), T is the absolute temperature in K, and
a, A and m are constants. The value of a reported for
high strength low alloy steels is 0.013 (41), and
experimental activation energies, Q, are reported to be
around 312 KJlmole for C-Mn steels (42). These values
were used to determine the fitting constants, A, as
4.16 x 1011 and m, as 0.270, by linear regression analysis
of the data, using plots of log [sinh(a<1,..)] versus
log (Z). The analysis resulted in a R2 statistical
calculation of 0.948, which indicates that the fit is very
good. The values of the fitted constants for A and m also
compare favorably with values determined by other
researchers (42).

.-1 ~-
e-2Oa,.-'IV..

Figure 5 Effect of hot deformation temperature on
austenite grain size for l5R30V and
l522Movri microalloyed steels, at 23s-1
strain rate and 50% axial engineering
strain.

increases dramatically near 1150°C for the 15R30V steel,
consistent with the dissolution of aluminum nitride and
vanadium carbonitride precipitates. The grain size is
extremely fine (less than 10 JLm) at temperatures below
950°C. The 1522MoVTi steel austenite grain size
exhibits the beneficial effect of stable titanium nitride
precipitates on inhibiting the grain growth of the
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Figure 5 shows the austenite grain size dependence

on ho! deformation temperature for both of the
microalloyed steels. The prior austenite grain size

Microstructures of ferritic/pearlitic 15R30V microalloyed steel after forging at the indicated temperatures and

cooling rates, respectively: a) 900°C, 0.33°C/s, b) 1050°C, 0.33°C/s, c) 1200°C, 0.33°C/s,
d) 900°C, 1.44°C/s, e) 1050°C, 1.44°C/s, and f) 1200°C, 1.44°C/s. Light micrographs, 2% nital etch.



austenite. Prior austenite grain size measurements ranged
from 12.6 Ilm (ASTM No. 9.5) at 950°C, to 26.5 Ilm
(ASTM No.7 .2) at 1200°C.

Microstructural Characterization
Figure 6 shows the F/P microstructures of the

15R30V microalloyed steel. Increased amounts of ferrite
are observed after forging at lower temperatures,
consistent with reduced hardenability because of the
extremely fine prior austenite grain sizes resulting from
the lower temperature deformation. Similarly, reduced
ferrite content and coarse pearlite colonies produced in
specimens deformed at higher temperatures are attributed
to the larger prior austenite grain sizes. Large austenite
grains of the F/P 15R30V steel also transform to bainitic
microstructures at the cooling rate of 1.44 OC/s,
Figure 6(e) and (f).

The fine prior austenite grain size of the
l522MoVTi steel shown graphically in Figure 5 results in
a consistently fine transformed microstructure which is
relatively independent of deformation temperature,
Figure 7. Figure 7 also shows an increase in the amount
of dark patches, believed to be martensite, for lower
forging temperatures. Banding, due to microsegregation
during the casting of the steel, is also observed after
forging at 900°C in Figure 7(a).

The retained austenite values for the NTH
1522MoVTi steel are reported in Table II. Retained
austenite amounts increased slightly with forging

temperature.

Figure 7 Microstructures of 1522Movri NTB
microalloyed steel after forging at the
following temperatures and cooling at
0.33°C Is: a) 900°C, b) 1050°C, and
c) 1200°C. Light micrographs, 2% nital
etch.

Table II -Retained Austenite Measurements for
the 1522MoVTi Microalloyed Steel Forgings

FORGING

TEMPERATURE (OC)

RET AlNED

AUSTENITE (%)

Mechanical Pro~nies
Data from tensile specimens machined from the

forging test samples are shown in Figure 8. The 0.2%
offset yield strength is highest for the faster (air) cooled
15R30V specimens at all forging temperatures, as shown
in Figure 8(a). The yield strength is optimal for both
steels and cooling rates at 1050°C. Yield strength values
are comparable for the 1522MoVTi 1.44 oC/s cooling rate
and 15R30V 0.33°C/s cooling rate steel forgings.

Ultimate tensile strength roTS) values are highest
for the 1522Mo VTi NTB microalloyed steel after air
cooling, Figure 8(b). The UTS decreases withjncreasing
forging temperature for the 1522MoVTi microalloyed
steel, yet increases with increasing deformation
temperature for the FIP microalloyed steels. The
behavior of the NTB steel is explained by decreasing
amounts of martensite, and the FIP steel behavior is
explained by increasing amounts of peArlite with
increasing temperature. The 15R30V steel shows a 25 to
75 MPa increase in UTS for the air cooled over the sand
cooled samples. Lower yield strength to UTS ratio values
for the 1522MoVTi steels are typical for the continuous
yielding behavior of NTB steels.

Figure 8(c) shows that percent total elongation
decreases with increasing forging temperature for the
15R30V FIP microalloyed steel at both cooling rates, but
increases for the 1522MoVTi NTB microalloyed steel.
The total elongation is improved by approximately 2% for
the slower (sand) cooled samples over the faster (air)
cooled 15R30V samples at all forging temperatures.

900 10.7

1050 12.2

1200 13.6
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Figure 9 Charpy v -notch transition curves for the

microalloyed steels forged at various
temperatures, and cooled at the indicated
rates, a) 1522Movri NfB steel, 1.44 °C/s,
b) 15R30V FIP steel, 1.44°C Is, c)
15R30V FIP steel, 0.33°C Is.

Figure 8 Tensile behavior as a fun(;tion of forging
temperature of 15R30V and 1522MoVTi
microalloyed steels, a) 0.2% offset yield
strength, b) ultimate tensile strength, and

c) percent elongation.

Total elongation is lower for the 1522MoVTi steel than
the 15R30V steel for either cooling rate at the 900°C
forging temperature, but. is higher at the 1200°C forging

temperature.
Figure 9 shows CVN transition curves for the two

microalloyed steels forged at the three temperatures. The
1522MoVTi NTH microalloyed steel shows improved
upper shelf energy over the 15R30V F/P microalloyed
steel after air cooling from forging temperatures of
1200°C and 1050°C. However, the NTH microalloyed
steel unexpectedly has improved transition temperature

behavior and upper shelf energy for higher forging
temperatures. This result is opposite for the FIP
microalloyed steel at both cooling rates. The slower
(sand) cooled upper shelf and transition temperature
behavior is improved over the faster (air) cooled
specimens, as expected. This difference is greatest with
the 900°C forged and sand cooled (0.33 OC/s) condition in
which the upper shelf energy reaches 150 J versus 90 J
for the 15R30V steel air cooled.

A typical crOD transition plot is shown for the
15R30V FIP microalloyed steel after forging at 1200°C
and air cooling at 1.44 oC/s in Figure 10. At low

0
~
:1:
1-
0
z
w
a:
1-
(0

0
-'
w

>

1-
W
(/)
10.
10.
O

~
"!
0

u;
m
.J

tt.
>
0
«
w
z
w
O
w
m
«
O
0
m
<

140'

120

100

80

eo

40

20

24

22

20

18



limited CTOD data (less than an average of seven data
points per condition) makes the DBlT estimation
challenging. Hence, DBlT values are conservatively
estimated by implementing the lower bound approach as
shown in Figure 10. Charpy inflection point DBTrvalues
are also included in Table III for comparison.

DISCUSSION

Figure 10 Typical CTOD data: 15R30V FIP steel
after forging at 1200°C and air cooling at
1.44°C/s.

temperatures, CTOD 6. values are characterizerl by brittle
or combinations of brittle and ductile fracture. The brittle
fracture is indicated by sharp drops in load due to
unstable cracking. Greater amounts of plastic
deformation prior to unstable crack growth occur at
higher temperatures, and are reflected by higher ~u
values. At high temperatures, the fracture becomes
completely ductile and the CTOD is represented by ~.
values.

The above results show that flow stress for
austenite during high temperature deformation, for both
microalloyed steels, increases by a similar magnitude with
decreasing deformation temperature. Due to similar flow
stress levels for the austenite of both microa1loyed steels,
a relationship of maximum flow stress to the Zener -

Hollomon parameter has been developed, and has a good
correlation with the experimental data.

Prior austenite grain size of the 15R30V
microalloyed steel is shown to increase substantially
above 1150°C, after TMP hot deformation. Below
1150°C, aluminum nitride and vanadium carbonitride
particle dispersion restrain grain growth. The prior
austenite grain size becomes extremely refined, less than
10 p.m, at hot deformation temperatures below 950°C.
The grain boundary inhibiting effect of the titanium
nitride particles on the austenite grains of the 1522Movri
steel is apparent, with grain sizes measuring from
12.6 p.m to 26.5 p.m, after deformation at 950°C and

1200°C, respectively.
The 15R30V FIP steel exhibits higher ductility,

lower strength, and improved toughness behavior after
forging at lower temperatures and cooling at slower rates.
These mechanical properties are consistent with the
observed increased amounts of ferrite associated with
these processing parameters. The slower sand -cool rate
specimens forged at 900°C exhibit high upper shelf
energy and decreased transition temperature, as shown in
the Charpy curves in Figure 9. This is consistent with a
reduced amount of pearlite, an increased amount of
ferrite, and coarse distribution of vanadium carbonitride
precipitates expected at slower cooling rates. The slower
cooling rate sample micrographs in Figure 6(a) show that

Transition behavior for the 15R30V steel forged at
900°C and cooled at the 0.33°C Is rate was not observed
at the lowest temperatures capable of being tested with the
apparatus used, and therefore a plot of CTOD values for
all forging conditions together can not be accomplished.
Instead, estimated DBTT values, taken as the inflection
point in the Ou behavior region, are tabulated for
comparison purposes (see Table III). The DBTT value
for the 15R30V forging sample, which did not exhibit
transition behavior at the temperatures tested, is reported
as being less than that of its lowest test temperature. The

Table III -DB1T Values of the crOD and Charpy Toughness Tests for the Various Conditions

Calculated

Temperature

Shift, T- (OC)

Measured

Temperature

Shift, ~T- (OC)

CVN
DBTT (OC)

Microalloyed
Steel

Forging
Temperature (oq

Cooling Rate

(OC/s)

-60

-48

0.33

crOD
DBTr (OC)

< -105 -25 -80
900

1.44 40 -15 -2515R30V

-540.33 10 55 -45

1200
-10 65 -75 -491.44

-58900

1200

1.44 -25 50 -75
1522MoVTi

-25 30 -55 -571.44



the increased time for transformation during cooling
results in increased amounts of ferrite.

The 1522MoVTi NTH microalloyed steel shows
decreased ductility .higher strength, and decreased
toughness values after forging at lower temperatures. An
increased amount of martensite is observed in the low -

temperature forged microstructures. The increased
amount of martensite may be partly due to a faster cool
through the transition region, after forging at 900°C
versus 1200°C, and partly due to increased partitioning of
carbon to austenite which coexists with equiaxed ferrite
formed in the specimens forged at the lower temperatures.
Banding is more prevalent in the 900°C forging samples
because of the decreased rate of diffusion needed to
reduce microsegregation at that temperature. The banded
regions were observed to contain a greater amount of
martensite due to the increased hardenability of the alloy
-rich microsegregated areas. Some pearlite and equiaxed
ferrite was also observed in the 900°C forging, possibly
due to reduced hardenability of the alloy -depleted areas
of microsegregation.

Toughness is plotted as a function of yield and
tensile strength in Figure II. The fine dislocation
structure of the increased amount of untempered
marten site observed in the 900°C 1522MoVTi steel
forgings results in higher strength and lower toughness
values. The strength increase of the NTH microalloyed
steel after forging at lower temperatures is primarily due
to the increased amounts of untempered martensite in the
microsegregated alloy -rich banding regions previously
discussed. Slightly faster cooling rates obtained by
cooling after forging at 900°C versus 1200°C would
produce finer precipitates, also increasing the strength and
lowering the toughness of the steel. The higher amounts
of retained austenite detected after forging the

1522Movri at higher temperatures were not significant
enough to result in higher strength from transformation -

induced plasticity .The retained austenite may have
contributedI however, to the increased toughness results
of the 1522Movri forged at the higher temperatures.

Figure II shows the NTB microalloyed steel has
the best combination of ultimate tensile strength and
Charpy toughness than the FIP microalloyed steel after
forging at temperatures of 1050°C and 1200°C. The FIP
steel has the highest upper shelf energy and lowest
transition temperature of any condition in both steels after
forging at 900°C and cooling at a rate of 0.33 oC/s. The
extremely fine grain size and increased ferrite percentage
of the 15R30V F/P microalloye(J steel after forging at
900°C versus 1200°C produce dramatically improved
toughness. However, Figure 11 also shows a yield
strength loss of 540 MPa to 490 MPa and a tensile
strength loss of 790 MPa to 690 MPa are realized after
forging at 1200°C and 900°C, respectively.

Table ill lists the experimental values of the
DBTT shift to lower temperatures for the static CTOD
test versus the dynamic CVN test, fJ. T cxp. Also included
in Table ill is the shift difference calculated by
Equation [5], TIbiA. The experimental temperature shift
values correspond closely to the predicted values.
Interpretation of the CTOD DBTT and CVN DBTT, the
limited CTOD data, and the geometrical differences of the
two test specimens all add to the error involved in the
temperature shift magnitude. Despite the errorI the total
average experimental and predicted temperature shift
values for the forging conditions tested were 59°C and

54°C,respectively.
It must be emphasized that no direct correlation

between the mechanical properties of the two
microalloyed steels can be made. Chemical composition
and sampling differences in addition to the quite different
microstructures of the two steels must be noted. The
oxygen level of the steels greatly differ, and result in a
significant difference in the level of oxide inclusions (35).
This difference, however, would at most affect upper
shelf energies, and would not affect the transition
temperature differences due to the fine -scale matrix
microstructure. Sampling location is also of detriment to
the 1522MoVTi steel versus the 15R30V steel. The
location of the microstructure, notch, or gage diameter of
the 1522MoVTi samples are taken at, or very close to,
the center of the bar (see Figure 3). This may explain the
higher degree of segregation observed in the 1522MoVTi
steel versus the 15R30V steel, in which the center line of
the wrought bar was avoided when producing samples.
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SUMMARY

Prior austenite grain refinement is accomplished
by hot deforming at temperatures below 1100°C in the
15R30V FIP microalloyed steel, and Charpy upper shelf
and DB1T toughness levels substantially improve after
forging at 900°C versus 1200°C. The fine prior austenite
grain size achieved at 900°C results in a fine transformed
microstructure and increased amounts of proeutectoid

Figure II Ductile to brittle transition temperature
versus yield strength and ultimate tensile
strength, for both microalloyed steels and
cooling rates. Each data point is labeled
with its corresponding forging temperature
in °C.
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