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A STUDY OF ALLOYING EFFECTS in Cr-V rail steels
has been carried out to determine the microstruc-
tural strengthening mechanisms. The laboratory
steels investigated were based on the commercial
1% Cr rail steel chemistry (0.75C - 0.8Mn -
1.25Cr - 0.30Si), and represented two levels of
nitrogen (nominally 0.007 and 0.015 wt %), and
two types of deoxidation practice. It is found
that vanadium microalloying produces a yield
stress increment of approximately 90 MPa for low
nitrogen steels and 140 MPa for high nitrogen
steels. This strengthening effect ‘appears to
saturate at approximately 0.15 wt % vanadium,
with no further strength increase for higher
vanadium concentration. The hardness and UTS
exhibit the same variation with vanadium content
as the yield stress. There is no consistent
effect of aluminum content (deoxidation prac-
tice). Several distinct precipitate morpholo-
gies, a wide range of precipitate sizes and a
non-homogeneous distribution of precipitates are
observed. There is also significant partitioning
of V, Cr and Mn to cementite. It is suggested
that an increase in the amount of coarse, aus-
tenite-nucleated V(C,N) and possibly other coarse
precipitate modes is responsible for the satura-
tion of the vanadium strengthening effect.

INTRODUCTION

Eutectoid rail steels alloyed wijh chromium
and vanadium have been developed which have
higher hardness and better wear resistance than
carbon~-manganese rail, while maintaining adequate
toughness, weldability and a fully pearlitic
microstructure (1,2), Several metallurgical
studies of the effects of composition on the
microstructure and meéchanical properties of Cr-V
rail steels have been carried.out (1-3). These
investigations confirm the positive strengthening
effect of microalloying with vanadium, but they
give conflicting results for the relationship
between yield stress and vanadium content. Evi-
dence for vanadium carbide precipitates in such
steels has been produced by transmission electron
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microscopy (2,4), but the details of the precipi-
tation process are not known. In particular, it
would be advantageous to understand the relation-
ships between composition, processing variables
and V(C,N) precipitation to optimize the proper-
ties of Cr-V rail steels. For instance, studies
of the effects of cooling rate following rolling
in C=Mn-V eutectoid steels indicate that maximum
precipitation strengthening occurs at rates of
5°C.s1 (5), i.e., approximately 10 times faster
than normal rail-head cooling rates. i

In the present study, the effects of vana-
dium, nitrogen and aluminum contents were inves-
tigated for a series of C-Mn-Cr-based rail
steels, produced by a processing route designed
to simulate standard rail production. The objec-
tives were to determine the compositional depend-
ence of the mechanical properties, to character-
ize the microstructures in detail, and to ident-
ify the microstructural strengthening mechanisms.

EXPERIMENTAL

A series of experimental steels, based on
commercial 1% Cr rail-steel chemistry (0.75C =~
0.8¥n - 1.25Cr - 0.30S1i), was prepared as 225 kg
heats by air-induction melting with argon cover.
Each heat was tapped into a ladle, and cast as
four 125 mm x 125 mm x 380 mm rectangular blocks.
After the first two blocks of each heat were
poured, aluminum was plunged into the ladle, and
the remaining two blocks were poured. The compo-
sitions of  the experimental steels given in
Table 1 are the average values for the two blocks
of each steel. With the exception of nitrogen,
all of the analyses were carried out by direct-
reading spectrometer. Total nitrogen contents
were determined by a modified Kjeldahl distilla-
tion method, and the results were confirmed by
analysing selected specimens using a LECO nitro-
gen analyser. The experimental steels repre-
sented (i) two levels of nitrogen by wt %; (low)
L - 0.004/0.010 and (high) H - 0.011/0.022;
(ii) a range of vanadium contents from 0-0.33;



Table 1:

Compositions of experimental steels (wt %)

Steel c Mn Si S P Cr v Al N
Ll 0.74 0.92  0.28 0.031  0.011 1.24 - 0.006 0.008
L2 0.74 0.90 0.27 - 0.029 0.011 1,21 - 0.078- 0.004
L3 0.78 0.87 0.27 0.030 0.013 1.20 O0.1% 0.008 0.007
LY 0.79 0.87 0.27  0.032 0.014 1.20 0.14 0.058 0.007
LS 0.73 0.81 0.30 0.008 0.015 1.28 . 0.23 0.005 0.005
L6 0o.74 o0.80 0,30 0,009 0.014 1.29 0.23 0.080 0,008
L7 0.69 0.87 0.28 0.025 0.012 1.21 0.30 0.011 0.010
L8 0.69 0.85 0,28 0.024% 0.013 1.2 0.30 0.062 0.010
H1l 0.74 0.85 0.30 °'0.038 '0.011 1.23 - 0.008 0.022
H2 0.77 0.84  0.31 0.030 0.015 1.25 - 0.070 0.021
H3 0.80 0.89 0.32 0.013 0.014 1,15 0.16 0.013 0,011
HY 0.74 0.83 0.30 0.030 °0.017 1.23 0.16 0.040 0.015
H5 0.80 0.8 0,33 0.015 0,014 1.23 0.33 0.008 0.020
H6 0.81 0.8 0.32° 0.015 0.014 1,23 0.33 0.088 0.020

and (1ii) silicon deoxidation practice and deoxi-
dation with silicon and aluminum.

One hundred and twenty five millimetre thick
slabs of each steel were soaked at 1260°C for 2 h
and rolled to 25 mm thick plate, finishing at
1060°C. The temperature of the work piece was
monitored during rolling and cooling by two
thermocouples imbedded 76 mm from each end of the
slab.
cooled such that. one end cooled at 0.,55°C.s~
to simulate the normal rail-head hot-bed cooling
rate, and the other end cooled in air at
0.77°C.s-1, Specimens for metallographic examin-
ation, hardness and tensile tests were taken from
the’regions adjacent to the thermocouples, for
which the cooling rates were accurately known.

Longitudinal tensile specimens were tested
for each plate. Hardness tests and microstruc-
tural studies were made on longitudinal sections.
The microstructure was characterized by optical
and scanning electron microscopy (SEM). Speci-
mens for transmission electron microscopy were
prepared from steels HU4 (0.16V, 0.015N) and H6
(0.33V, 0.020N) in the form of 3 mm self-support-
ing discs, spark-machined from 60 ym sheet, and
electropolished in 5% HClOy, 15% 2-butoxyethanol,
80% methanol € -U40°C. They were examined in a
fully analytical Philips EMHOOT searfing trans-
mission electron microscope (TEM/STEM), with an
EDAX 9100/60 EDS microanalysis system.

RESULTS

Unless stated otherwise, all of the results
pertain to the plates cooled at 0.55°C.s-l. The
tensile properties and hardnesses for all the
steels are given in Table 2. The data reported
are the average values of tests on the duplicate
blocks of each steel. The variation in the 0.2%
yield stress and hardness with vanadium content
is shown in Pig. 1. :

After rolling, the plates were controlled .
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It is evident that the vanadium microalloy
additions produce yield stress increments of
approximately 90 MPa for the low-nitrogen steel
(L) and approximately 140 MPa for the high~nitro-
gen steels (H). This strengthening effect ap-
pears to saturate at approximately 0.15 wt %
vanadium, with no further increase in yileld
stress at higher vanadium concentrations. There
is no consistent effect of aluminum content (de-
oxidation practice). The hardness and UTS ex-
hibit the same variation with vanadium as the
yield stress.
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Fig. 1. Variation in yield stress and hardness

with vanadium content.
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Téﬂéilé properties and hardness of rolled plates

.2$ Yield uTs,. % Elong % Red. Hardness, Re Hardness, Re

Steel stress MPa MPa  (in 50 mm) in area (0.55°c.s™Y)  (0.77°C.s7})
L1 670 1132 8 16 ~30.9 33.0
L2 652 L1111 -8 16 31.0 32.5
L3 728 1208 7 14 34.8 36.3
LY 735 1214 7 15 34.0 35.7
L5 780 1221 7 19 34.3 36.1
L6 © 756 1197 9 21 34.5 36.3
L7 718 1173 10 24 34,1 35.9
L8 759 - 1194 11 27 3.1 35.5
H1 694 1149 '8 20 32.1 32.4
H2 632 1104 9 23 30.2 - 30.8
H3 787 1249 7 15 34.8 36.3
HY 814 1221 9 20 34.9 35.7
H5 797 1263 7 15 36.6 3745
H6 791 1273 -8 15 35.3 - 36.7

. The microstructure of the steel is fully
pearlitic (Fig. 2. and 3). The pearlite is pre-
dominantly lamellar, although there are areas of
degenerate pearlite. The prior austenite grain
size appears to be larger for the base composi-
tion (L1) compared with the other compositions.
Apart from that, there is no significant differ-
ence in prior austenite grain size, pearlite
colony size or pearlite interlamellar spacing for
all of the steels investigated.

There is a wide range of pearlite interlamel-
lar spacings within each steel. From measure-
ments made on SEM photographs of 10 fields of
steel HY, selecting areas where the lamellae were
nearly perpendicular to the plane of observation
(e.g., Fig. 3a), the mean minimum pearlite
spacing was determined to be 170 * 20 nm,

The vanadium-bearing steels contain fine
precipitates predominantly in the pearlitic fer-
rite (Fig. 4-6). Dark-field imaging of these
small particles was aided immensely by use of a
conical dark field mode in the Philips Hybrid
Diffraction  Module. - Briefly, thia allows scan-
ning of every diffraction pattern.reflection in
a matter of minutes ang waiting for the precipi-
tates to "light up“

Several distinot preeipitate mqrphologiaa, a
wide range of precipitate sizes, ‘and ‘a  non-homo-
geneous distribution of precipitates is obserVed.
Figure 4 illustrates the thﬁee most common pre-
cipitate morphologies: (i) small (~5 nm), dis-
crete particles, relatively uniformly distributed
in the ferrite, often with a pvecipihate-tree
zone adjacent to cementite lamellas (Fig. 4a);
(ii) larger (30-50 nm), discrete particles, hav-
ing a much lower volume fraction: than the small
precipitates (Fig. Ub); (iii) short rows of pre-

cipitates which appear to be heterogeneously
nucleated on dislocations (Fig. UYec).:  Figure 5
shows two types of precipitate morphologies in
the same area, as revealed by different pneeipi-
tate reflections. The . dislocation-nudleated
particles can join to form continuous. rods of
particles, that can ‘extend into the cementite
(Fig. 6a), and there is evidence of preferential
nuecleation ~at  the ferrite-cementite interface
(Fig. 6b). The density of precipitation is quite
variable, even within one pearlite colony.; There
are many areas devoid of precipitates, in addi-
tion to those with the precipitate distributions
shown in Fig. 4-6. In some areas, the distribu-
tion of a single variant of precipitates shows
no relationship to the pearlite structure, indi-

~cating nucleation in the austenite.
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X-ray microanalysis was conducted under as
nearly~-identical conditions as possible (g¢perat-
ing voltage, tilt angle, proportionality factors
for quantitative analysis, and spectrum acquisi-
tion and processing parameters). ~ Thin foil
thicknesses were. estimated from contamination
spots, then absorption and flourescence ¢orree-
tions were made. Thus, comparative quantifica-
tion between either thin foil or bulk analyses
performed under the same operating conditions
should be accurate to within #5% or less, . Three
points emerged from the microanalysis data‘

(a) the bulk analysis of several areas ! a few
microns square within large regiohs {30 x
40 ym) covering several -different pearlite
colonies, showed no substantial ‘compbsition
'differences within or between colonies in
either low- or high-V steels. There was some
suggestion of slight differences across prior
‘austenite boundaries;
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(c)

Fig. 4. HY4, dark-field transmission electron micrographs, illustrat-
ing different precipitate morphologies.

0.5 um

(a) (b)

‘ Fig. 5. H6, dark-field TEM, illustrating two precipitate morphologies
in the same areas as revealed by different precipitate reflections.
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0.5 um

Fig. 6.

H6, dark-field TEM,

illustrating different morphologies of

heterogeneously nucleated precipitates.

(b) there was a marked partitioning of V, Cr and
Mn from the ferrite to the cementite in both
low- and high-V steels. Fine probe analysis
of cementite lamellae sticking out from the
edges of the electron transparent regica made
the analyses guite accurate. They stowed a
tenfold enhancement of V and Cr and a five-
fold enhancement of Mn. This partitioning
occurred for all lamellae examined, irrespec-
tive of whether or not ‘errite ~recipitation
was present nearby.

(e) all the precipitate morphologies deseribed

were seen to be V rich under very fine beam

(10 nm) microanalysis conditions, indicating

they were V(C,N). The exact composition of

the precipitates was not determined.

DISCUSSION

The yield stress increments resulting from
vanadium microalloy additions found in the pres-
ent work are comparable to the values reported
elsewhere (1-5). Some published values of yield
stress as a function of vanadium content are
compared with the present results in Fig. 7. The
agreement is reasonable considering the varia-
tions in composition and processing schedules for
the different steels. The general result is that
vanadium microalloying produces a maximum yield
stress increment of 100-150 MPa, which occurs at
approximately 0.15V, with no further increase
for higher vanadium contents.

Since the grain size and mean pearlite inter-
lamellar spacing is essentially the same for all
the vanadium-bearing steels, the strengthening
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mechanism must be the precipitation of V(C,N) in
the pearlitic ferrite. Calculations of the pre-
cipitation strengthening component from measure-
ments of precipitate sizes and volume fractions
in a similar steel cooled at the same rate give
a value of 70 MPa (6). However, not all of the

900 T T T
A

o
a
=
w

BOOR L e R e e e e e
o 80 o p .
x ’
5 // Present éults
a 7z
= ’
o s
= 7
& /, /——

7’
~
& TOOA- // B -
s
5z
L, o
¢ ®0
600 1 1 1
o.lo 0.20 0.30
Wt. Pect. V
Fig. 7. Comparison of published data with pres-

ent measurements of yield stress as a function
of vanadium content.
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vanadium precipitates as a fine dispersion of
V(C,N) particles, The present results show
clearly that there are coarse V(C,N) precipi-
tates, decorated dislocations, interphase pre-
cipitates and vanadium solute partitioning to
cementite. Vanadium partitioning to cementite
has been reported elsewhere (7,8), but this is
the first observation of the heterogeneously
nucleated V(C,N) precipitates. No consistent
effect of total vanadium content on any of these
vanadium sites has been established. The speci-
mens examined appear to show more austenite-
nucleated precipitates with increasing vanadium
content. It is suggested that the increase in
the amount of coarse, austenite nucleated V(C,N)

and possibly other coarse precipitate modes is
responsible for the saturation of the vanadium

strengthing effect around 0.15V.

Other work has shown that a finer distribu-
tion of precipitates and a larger precipitation
strengthening component occur at higher cooling
rates (5,7). The increased cooling rate would
lower the transformation temperature (from ~700°C
for the present steels), suppress V(C,N) nuclea-
tion in the austenite and V partitioning to
cementite, and produce a higher volume fraction
of fine precipitate in the ferrite. The lack of
influence of Al content is consistent with data
for low C steels (9). In the TEM specimens of
HY4 and H6, very few AlN cuboids were seen. Those
that were observed were of the order of a micron
in size, which is too large for any strengthening
effect.

As seen in Fig. 1, there is a yield stress
increment of approximately 50 MPa at the high N
level. This may be a function of more V being
involved in precipitation than in partitioning to

‘cementite, and is being investigated currently.

CONCLUSIONS

Vanadium microalloying produces a yield
stress increment of 100-150 MPa, which saturates
at approximately 0.15 wt % vanadium. There is a
similar variation in UTS and hardness with vana-
dium content.

There is no consistent effect of aluminum
content (deoxidation practice) on the micro-
structure or tensile properties.

The strengthening effect is due to fine (30-
50 nm) V(C,N) precipitates. However, there are
also coarse V(C,N) precipitates resulting from
precipitation in austenite, interphase precipi-
tation and nucleation of precipitates on disloca-
tions. )

5, Ridley, N.,
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There is significant partitioning of vana-
dium, chromium and manganese to cementite.

It is suggested that modifications to the
processing schedule (e.g. accelerated cooling)
would achieve a more effective utilization of
vanadium by producing a higher volume fraction
of'fine precipitates in the ferrite.
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