Columbium-Boron High-Tensile Steel

T. V. Cherian

ORON is seldom used as an alloying element in
B low earbon steels, although it is recognised to be

a potent and cheap alloy to replace sizable quanti-
ties  of costly elements normally used in harden-
able steels, to bolster the depth of hardening.
Pearlitic steels of commerce encompass a wide range
in  composition and properties. Amongst these an
economically superior class, is the high tensile steels,
that are characterised by good strength. high yield-
tensile ratio and adequate ducetility. In composition,
they are of the low carbon low alloy grade,
conducive to easy frabrication, which is a highly
desirable  quality.  These features, particularly,
the high mechanical properties in the as rolled or
normalised condition, is responsible for their special
recognition and ecommercial popularity. The invention
of molybdenum-boron steel', more popularly known
as fortiweld, was a notable addition to this class
and metallurgically it is a significant advancement
as it extended the scope of boron alloying to non
martensitically hardenable steels. However attempts
to  develop a general class of boron-bearing high-
tensile steel by replacement of molvbdenum with
a series of common alloying elements were met with
rather disconraging results, Based on these observa-
tions and the thermal behaviour of the steel, it was
advocated  that fortiweld alloy  combination is a
unique entity and its saperior strength is the out-
come of  certain  delayed phase transformations.
Yet, a critical study of the ageing characteristics,
mass effect, and response to heat-treatment of the
steel gave certain indications that are common to a
precipitation hardening phenomenon, If so, substitu-
tion of molybdenum by a chemically similar element
appeared  to  be a logical possibility and in  view
of similarity in structure and other physico-chemical
traits, the element columbium was selected for the
purpose.

Experimental data

A series of 15 Ib experimental melts containing
the desired alloys in requisite amounts were made
in high-frequency furnace using low-carbon steel base
material.  Ferro-alloys of columbium and boron were
of 509, and 17-5%, element contents respectively.
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Prior to boron addition, deoxidation of the melt
with aluminium at the rate of 0075 to 10 1bh per
ton gave a boron efliciency not  less than 509,
Ingots cast from these melts were  forged into
1 inch  diameter bar or 3% < 1'1/4 inch flat and
standard 0-505" or 27 gauge tHat test samples were
prepared  {rom relieved
materials.  The melts are grouped into  live series
with respect to alloy combination and their parti-
culars of eomposition given in Table | include only
the soluble part of boron analysis. The mechanical
properties  of  these  steels are given in Table 11
with the particulars of  heat-treatment.  Kssentially
all the series contain Cb and B except the compa-
rison series,  However, each series may  be  treated
separately in  view of the slight differences  in
composition,

1. Colwmbiwm-boron series : Eight steels, M-1-—M-8,
comprising this series show that a cohnmbinm contain.
ing boron treated low-carbon steel has  exceptional
strength properties in the as-forged or normalised
condition. That extremely low quantities of these alloys
are sutlicient to impart a pronounced increase to the
strength  of  a low-carbon steel is evident from a
comparison ol steel M-1 and Steel M-23. The yield
stress of the former is 72600 posi. whereas that
of the latter is only 42,500 p.si. and s0 an increase
of 709 in yield-stress is solely attributable to 0°069
columbium and 0-0032, boron,  That it is the colum-
bium-boron  combination and  not  the individual
alloy that is responsible for the enhanced property
is borne out by columbinm-alloved steel M-21 and
boron-alloyed steel M-22. The mechanical properties,
in relation to columbium weight percentage for the
series ix shown in Fig. 1 for the as-forged condi-
tion  and  that after a normalising  treatmnent, in
Fig. 2. The plots are self explanatory, the more
dominant features are the rapid increase in strength
at the low allov range and the effectiveness of the
alloy even at a very low percentage. The vield-
tensile ratio of these steels is not less than 85% in
the as-forged, whereas after normalising it approaches
930, Kven with the high vield-tensile  ratio,
the elongation and reduction in aren are equally
satisfactory  indicating  adequate  ductility.  These
high physicals that are attainable with these low-
alloy combinations in  presence of  extremely low
carbon makes this steel a unique addition to the
family of high-tensile steels.

In the above plots, steels M-4 and M-7 were

forged, normalised-stress

INDIAN CONSTRUCTION NEWS



TasLy 1

Composition of experimental sleels

ANALYSTIS 9
i @ M, 80, Ch. E; V. i
Le CouﬂiHn.zm series,
Steel N-1 0,06 0442 0.18 0,06 0,003 - -
- M2 0.07 0.39 0,20 0.08 0,003 L -
- M3 0.06 Quk 0,28 0.6 0,005 - -
- Mk 0,06 0.25 0.17 0.22 0,005 - -
- M5 0.06 0,38 0.27 0.2 0,007 - -
- M=b 0,08 0.59 0.35 0.26 0,004 - -
- M7 0.07 0.21 0.26 0427 0.0034 - -
- K8 0.08 0.40 0,32 Ouhi 0.009 - -
1I.  GolumbiumBoron.Vanadium series,
steel M-9 0.09 0.35 017 0.014 0,003 0.06 -
- M0 0,08 0s40- 0.21 0,01y 0,002 0,06 -
- Nl 0,06 0436 0.16 0.019 0.002 0.06 =
- M2 0.05 0.37 0.15 0.038 0,003 0405 -
- M-13 0.05 0461 0,38 0,07 0.006 0.06 =
- Helh 0.05 0.51 0.2 0.35 0,007 0,06 &
1II. oiusbiumBoron-Vanhdium Low Silicon series.
Steel ¥-15 0.03 0.36 0,05 0.05 0,004 0.04 -
= Wetb 0.04 0.47 0,02 0,064 0.0025 0,05 =
- M7 0.04 0,40 0,02 0,08 0,0025 0,05 -
- M-18 0,05 a3k 0.09 0,13 0,003 0.05 -
IV, Columbium.Boron.vanadium-Molybdenum series,
Steel M-19 0.06 0u45 0,24 0.03 0,004 0,05 Mo-0, 14
- M2 0.04 0.55 0,07 0,03 0,003 0,04 Mo-0,20
fomparison series,
Steel Ma21 0409 0.45 0,25 Ouhh - - A1-0,12
- N2 0,10 0.48 0,29 - 0.0025 - AL-0, Ly
- M-23 0,08 0.46 0,17 % - - M
- M2l 0.10 Oulidy 0.25 - 0,002 - r-0.30
- M-25 0,06 0.2 Cuk? - 0,003 - 74-0,12
- M26 0.09 0,46 0.17 - - 0,065 A1-0,06
Note:
(1) ALl steels contained P less then 0.03 % and S less than 0.04 £,
(2) All boron treated steels contained Al as & deoxidiser,
Fig. 2.

Relation between alloy
content and mechanical

properties.
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TawnLe 11
Heat-treatment and wmechanical properties of experimental steels.

Heat-treatment Me e hononiocoal propertieas
Steel Designation Ch Stross Vield stress Tensile Elong. Hedurtion Vield
relieving I S Btress ] wf Area terusile
Temp. “L. 2oL off met oS i . RO
bop-Series
- s‘-l'ie-r'i 1 M-1 0.06 As forged None 72,600 83,600 25 56.1 0.87
[id " 1200 SLO 78,500 6 20O 23 T5.5 0.905
g2 0.08 As forged None 72,900 86,000 21, LB.3 0.85
" A2CG 540 89, 500 102, 300 22 62 o.875
Steel M-3 .16 As forged None 84 , LOO 98,200 =5 TZ.8 0.E6
" 1200 S5LO 100 , 000 107,200 2L 60.6 0.932
Steel ML G.22 A® forged None L1, 800 S8, Q00 33 o7 .4 0.71
" 80 " 51,800 &7 5 TOO 30 ©9.9 0. 765
Ly LOLO b 5%, 300 T5 5400 et TO5 0.787
" 10950 " 67,700 83,300 26 65,7 0.B1%
Steel H_5 Ou2d As forged None 102,000 111 ,L50 A7.5 32.3 0.915
L] 1090 S5LO 86,600 93, 500 2 F0.7 0.93
L =200 SLO 109,000 1l6,000 =0 58.5 0. 242
Steel MG Dalb Am forged Hone g, 600 OO 5 SO0 a8 30.06 .92
- 1200 Nooie 103, 500 114,800 Eroken outaside G.l. 0.90
" 1200 LOO 98,000 108, 800 20 el 0.90
n 1200 S5LO 10 000 109,000 21 (=] 0.927
Steel M-7 (o PP AS forgea Roume 58, 900 TT o200 =3 58.6 Ou 762
= 9<5 Nome Lz, 500 60,800 36.5 T3.0 070
o 925 560 LO, 500 60,000 36.5 T3.5 0.675
" 1090 Nome T . 000 93,300 20 55.2 0.825
Stesl M-8 O.4l As forged Nune 289,100 GG, L00 25 66.3 0.90
i 1090 Nome 83,800 oL ,300 20 51.5 0.898
L plal o} S&0 H6, 500 93, 600 23 Ti.0 Q.925
=B-V-S¢«riess.
Steesl M- 0.0l As forged Noms 55,400 69,300 29 66,5 O.80
Ly 925 Home 50,200 62,000 36 79.0 0.81
" 150 540 67, 500 Th , 200 23 75 0.91
L 1200 540 73, 500 81, 000 21 72.0 0.91
Steel M.10 O.0LlL Aa forged Hone 53,500 &7,300 24 59.0 0.796
- 1150 5LO V7 500 83,500 19 63.0 0.93
" 1200 5L0 Ty p GO 81,000 23 72.0 0.915%
Steel m=11 CU.019 An forged None 6h, 000 76,700 =27 ©1 .0 O .86
[ 1200 SLO 75,000 8,500 23 T2 .0 0.915
Steel M=12 C.038 am forged Nome 67,500 76,600 27 6b.0 O.B8
Steol M<13 007 An forged Home B84 , 000 91, 500 =5 63,0 Q.F23
Steal M=l4 0.35 As forgea Nome Il , OO0 105, T < ©3.0 VB9
bl 1200 540 114,000 121,000 19 51 0 0.90L5
I1l.Cb-BV _Low Si.series ;
Steel M-15 0.05 Aa forged None 84, 500 92, 00 27 67.5 0.915
" 1040 None 62, 600 Tl 4 500 30 73.6 0.877
bt 1090 None 76,400 By, TOO 28 T ke 0. 905
" 1150 None 78,500 82,500 19 L9.5 0.95
Stesl M-16 [ e 1-5N As forged None 66,000 71, 700 25 - 0.92
" 1090 None 68 ,L00 72,200 25 - 0.95
Stesl M-17 0,08 Ana forgad None &2, 900 69,400 26 - 0.907
- 1090 None T, TOO B2, 000 24 - 0.912
Stecl M-18 0.3 Aa Terged Hone a2, 500 95,000 25 &9 .3 0.87
L] 1040 None 63,800 75,500 30 T5:5 0,845
" 1090 None T, 000 85, 000 =7 T3.0 0.905
" 1150 None 86, 000 93,200 26 68.0 0.922
b —sarics
Mtif‘if!)_s eal M- ~ 0.03 As forged None 71,000 86, 000 e 69.0 0.825
W 1150 240 T8, 500 83, 500 20 TL.O UL 945
" 1200 54,0 a8, 600 90, 300 20 b8, 5 0.5
Steel M—<Q 0,03 A8 forged None 81,000 85,700 2z 68.9 0. 945
" 1150 540 79,500 85,250 22 76.5 0.932
" 1200 540 84,000 86,600 20 68.L 0.97
sriscn series
sfeef M—=1 Oudels As forged None 50,700 6y 500 35 TT75 0.785
~ 1150 540 56,300 69, 700 3z TIuke O.B8L
Steel M-22 Nil A8 forged None 45,000 59 , <00 37 TO.5 C.76
" 1150 5L0 50, 000 6l , DOO 3 T1.0 0.78
Steal M-23 NEL As forged hone L2 , 500 59 5 000 3a .5 C.72
" 1150 54O 48,000 62,000 38 67.6 0.77
Steel M2l Nil as forged None 39,000 58,100 3g T2.5 0.67
Nil 1150 540 506, 500 65,200 25 Thaob o.a8bé
Nil 1200 5L0O 48,300 &0, 600 30 70 080
Steel M-25 Nil As forged None 52,300 62,000 31 70.9 0.84
" 1150 540 50, 900 &l , 600 27 T0.9 c.82
" 1200 SLO L45,L50 59,900 34 71.0 Q.75
Steel M-26 nNil As forged None 45,500 59,600 38 FO.5 0.76

- 1150 5L0 48,000 62, 600 38 69.6 0.T765




not included as they showed abrupt decrease in
strength, departing from the general trend. Even
though the data is insufficient to assess accurately
the specific roles of the base alloys, these steels
show that there is a minimum amount of manganese
required to develop the high strength character.
The dependence of yield-stress to this alloy content
is quite clear from the plots given in Fig. 3. It
is to be inferred that a manganese content below
0:357/ irrespective of columbium has a deleterious
action on the strength properties.

II.  Columbium-boron-vanadium  series : It is
apparent from Table IT that high temperatures
were required to develop the optimum properties
of the steel in a normalising treatment. Even
though columbium is a grain refiner, the abnor-
mally high temperature induced considerable grain
coarsening when this alloy content was extremely
low. But steels of the low-alloy range are the most
significant type, considering the remarkable increase
in the strength properties. Hence to retain the fine
grained structure vanadium to the extent of 0:05%
was used as an additional alloy. This amount of
element resisted grain coarsening even up to a
1,200°C normalising treatment, yet, that it does not
contribute markedly to the strength properties is
evident from a comparison of steel M-26 and the
plain carbon steel M-23. All the steels of the series
except steel M-14 contain very low columbium and
the mechanical properties in relation to the alloy
content are shown in Fig. 4, Steels M-9 and M-10
are of interest in revealing the boron requirement.

Cb-B SERIES ( NORMALIZED)
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Effect of manganese variation on yield stress.
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Relation between alloy content and mechanical properties.

Both steels contain 00149, columbium whereas the
boron content is 0°003%, and 00029 respectively.
After a normalising treatment at 1,200°C, the steels
are almost identical in strength and so it is evident
that a boron content of 0:0029, is enough to develop
the high strength . character.

III. Columbium-boron-low-silicon series. The series
show that the superior strength character can be
retained with a low silicon content in the range
customarily present in a semi-killed steel (Fig. 5, 6).
Deoxidation of the melt with 1'5 lhs. of aluminiam
per ton and 0-059, vanadium gave satisfactory boron
efficiency. However, extremely low silicon appears
to be not so satisfactory from the mechanical
strength point of view as is evidenced by steels
M-16 and M-17 containing only 0'029; of the element.
In general the steels are of slightly inferior strength
to that of steels of the proceeding series having
the element in the range normally present in a
fully killed steel. The outstanding feature of the series
is the high strength manifested with extremely low
alloy content. This may be exemplified by steel
M-15 that has an alloy content not exceeding 0-69%;
including the base alloys. The mechanical proper-
ties of the steel in the as-forged condition are of the
order of 84,500 p.s.i. yield strength at 029 offset,
959, vyield-tensile ratio, 2.9, elongation and 67-59%,
reduction in area. This extraordinary combination
of properties is a unigque feature hitherto unknown
among lean alloy low carbon steels.
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IV, Columbiwm-boron-vanadivm-molybdenwm  series.
The high tensile properties of “fortiweld” begin to
content
00142

manifest  only

when  the

molybdenum

exceeds 029, whereas columbium even at

Cb-B-V- Low Si SERIES(AS FORGED)
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Relation between alloy content and mechanical properties,
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is extremely powerful in imparting this  property.
It the actions of these allovs are identical in  all
respeclts, they ean be expected to reinforce each
other. Thus it was thought that small amounts
of molybdenum could enhance the strength proper-
ties of a low columbium-boron  bearing  steel.  But
steels M-19 and M-20 of the series fail to show
any outstanding contribution due to  the addition
of molybdenum. Steel M-20 is of a confirmatory
nature that a low silicon content is sufficient to give
the high physicals.

V. Comparison sertes. The object of this series
was to show the specificity of (Ch-B combination in
relation to individual alloving. In this respect men-
tion has been already made ol steels M-21, M-22,
M-23 and M-26. Steels M-22, M-24 and M-25
bring out the fact that elements like aluminium,
zirconium, and titanium in comparable wmounts are
incapable of duplicating the quintessence of  colum-
bium. In presenting the data emphasis  was given
to columbium principally duae to the fact that the
strength of the steel varies according to this alloy
content. The role of horon in  developing  the
strength properties is equally important and may be
recognised from the as-forged properties of steels
M-5 and M-21 given below,

Steel &2 Mn Si Cb B Y.S. (p.s.i.) T.S.(p.s.i.)
M-5 006 033 027 024 0007 102,000 111.450
M-21 000 045 025 044 - 50,700 64,500

Comparatively, steel M-21 is of higher alloy con-
tent, yet the yield stress is less than half that
of steel M-5. This phenomenal  increase  of  more
than 100°) in yield stress by the mere presence of
00079, B indicates the enormous  potency  of  the
element in the specific combination.

Response to normalising treatment

Colombium-boron  steels  exhibit  good mechanieal
properties  in the as-forged  condition  (Table TI).
Since  all the steels of the series contain carbon
less than 0-10°, the customary normalising tempera-
ture would be about 925°C. However. a normalising
treatment  at  this temperature was found to give
a  softening  effect to  the steel,  whereas  higher
temperatures  rapidly improved the strength. The
relation between wvield stress and  normalising  tem-
perature for a few compogitions are shown in Fig. 7.
It is evident that the steel should he normalised
in the temperature range of 1,100°-12,00°C" to bring
out the high strength. Nince decarburisation is of
little consequence to the properties of the steel, the
only detrimental feature is grain  coarsening in a
high temperature treatment, which is effectively
counteracted by vanadium not exceeding 0-059,; in
the composition. The softening  of the steel at
the lower temperature range is  accompanied by
the considerable increase in  ductility  which is a
favourable feature to the workability.
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Effect of normalising temperature on yield stress of Cb-B-steel.

Elevated temperature strength

Necessity of fairly high temperature in a normalising
treatment and the resistance to softening shown even
at 540°C stress relieving suggest that the steel would
‘have superior elevated temperature properties. Results
of tests presented in Fig. 8 show that the yield tensile
properties are least affected up to a temperature of
about 375°C. Randomly selected steels tested at
about 540°C were equally satisfactory in the sense
that the loss in strength for short time exposures was
extremely meagre. It may be noted that lower
temperature tests were conducted with longer exposures
of about three hours at the test temperature, whereas
at 540°C this could not be done due to lack of proper
facilities.

Low temperature impact resistance

A low temperature of transition from ductile to
brittle fracture is a desirable property of engineering
steels and becomes critically important for usage
under wide fluctuations of temperature. Laboratory
method that is commonly adopted to evaluate this
property is impaect testing. Using Charpy Key-Hole
specimens, energy absorption values at different
temperatures were determined for steels M-13 and
M-19 in the as-forged condition. Results of tests
are shown graphically in Fig. 9. Based on the
criterion of 20 ft. 1b energy abgorption these steels
show a transition temperature of—35°C and—65°C
respectively. That these steels differ appreciably in
their boron content could be an important factor in
their observed difference to low temperature impact
resistance.
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Relation between energy absorption and test temperature
for charpy key-hole sample.

Discussion of results
In the steel of very low carbon content, columbium

increases hardness and strength and retards reerystal-
lization? by entering into solid solution in the ferrite.
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In hardenable steels, it is reported’ that the element
decre-ses hardenability. But the effect of columbium?
on critical cooling rates depends on whether it exists
as undissolved carbide or is diszolved in the austenite
at the austenitising temperature. When present as
undissolved it accelerates transformation by nucleation
effects, whereas in solid soluvion it inhibits transfor-
mation.  Since  high  temperatures  are  required
for carbide dissolution, the element would decrease
hardenability at mnormal hardening temperatures.
Even though columbium is not recognised to
be a common alloy, it is often used as a minor
constituent in a number of steels. The reason for
its use is based on certain poignant traits of the
element, which are the strong carbide forming
tendency, limited solubility in alpha iron and the
affinity to form stable intermetallic compounds. The
element’'s role as a stabiliser in stainless chrome-
nickel*® or in reducing the air hardening tendency?
of plain-chrominm corrosion-resistant steel is attribu-
table to stable ecarbide formation. For complete
carbon inactivation the minimum amount of element
required is about eight times the carbon content.
This carbide precipitation in ferritic steels enhances
hardness and strength. But the action of the element
in  columbium-boron steel as one of carbide forma-
tion has to be discredited, because columbium alone
(steel M-21) is found to be ineffective in imparting
the superior strength. Further, a very small amount
of the element (0-0149; Cb in steels M-9 and M-10)
in the presence of boron is sufficient to manifest the
high tensile character wherein the possible amount
of carbide formation of molecular formula Cb-C or
Cb,C5 would be extremely negligible. The property
of the element in decreasing temper-brittleness® which
bears direct correlation to transition temperature!®11
is advocated to the stability of ecarbide. In other
words the element is said to decrease super saturation
of austenite with earbon. However, the observed low
transition temperature of Cb-B steel, an indieation
of low susceptibility to temper-brittleness can hardly
be explained by any carbide formation. Likewise
the formation of any stable ternary phase of iron-
columbium-carbon® is equally inadequate to explain
the properties of the steel.

The iron rich end of the iron-columbium diagram??
(Fig. 10) shows that the solid solubility of the element
increases from about 0-5% to 1-0%; in the temperature
range of 600°C to 900°C., The development of a
number of Ch bearing iron alloys that are susceptible
to precipitation hardening!®!* is based on this solubi-
lity feature. These alloys are found to be specially
suited to high temperature use, since the precipitate
formed, an intermetallic compound of composition
Fe,Ch,, is stable having a melting point of 1,660°C
and is critically dispersed in alpha iron. In Cb-B
steel, such precipitation is not justifiable for reasons
similar to those cited in the case of carbide formation.
Another source of intermetallic compound formation
arises from the extreme affinity of boron to form a
horide. Columbiumboride!® of formula ChB, is very
stable. It is close packed in structure and has high
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hardness and melting point in addition to well deve-
loped metallic properties. A critical dispersion  of
this phase in alpha iron is apparvently a possible
explanation to the observed high strengih. However,
the properties of the steel are almost independent
of the boron content when present above a certain
minimum limit which appears to be about 0-0029;
(steels M-9 and M-10). TIn these steels the columbiom
content is extremely low and stoichiometrically a
boride precipitation should have given an accountable
difference in the physical properties, which is not the
case. Hence a boride precipitation in Cbhb-B  steel
is equally unjustifiable.  On the contrary the behaviour
of  boron is more in agreement with the known
hardenability  effect  wherein  the factor reaches a
maximum at about 0-:0019,. Nince the exact magni-
tude of this factor decreases with increasing ecarbon
content. the hardenability effect of horon should be
maximum in a very low carbon steel. It is evident
from the above review of features that the high
strength properties of Ch-B steel canmot be aceredited
to any precipitation hardening phenomenon.  However,
i precipitation reaction of the secondary order is
not at all a remote possibility, and therefore should
not be totally ignored.

In the absence of a precipitation reaction, it is
to be inferred that the effect of alloying elements
in Ch-B steel is one of solid solution. It has
already been mentioned that the behaviour of boron
is in  agreement with this inference. Further, the
extreme similarity of this steel with Mo-B steel is
in  affirmation of the above conclusion. In Mo-B
steel’® 17 the alloys induce a delay  in  transforma-
tion such that a bainitic structure is obtained under
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Fig. 10.
The iron-rich end of the iron-columbium diagram.
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air cooling. And so in the replacement of molyb-
denum by columbium, the latter exerts the same
influence of enhancing bainitic hardenability in pre-
sence of boron. But the element columbium differs
markedly in exercising this function compared to
molybdenum. 1In Mo-B composition the steel is
insensitivée to bainitic hardening unless the Mo
content exceeds 0209, whereas columbium even at
0-0149%, is found to be effective in transforming
the steel to that of a high tensile category. For
Mo-B steel the maximum tensile value is about
90,000 p.si. and is achieved not below 0:5% Mo
content, but columbium substituted steel gives
equivalent strength at an alloy content not exceed-
ing 007% Cb. For example, steel M-13 containing
0:079% Cb gives a tensile value of 91,500 p.s.i. in
the as-forged condition and steel M-2 containing
0:08% Cb after a normalising treatment at 1,200°C
gives a tensile stremgth of 102,300 p.s.i. Thus
Cb-B is capable of duplicating the strength of
fortiweld at less than one-seventh of the alloy con-
tent of the latter. Moreover, Ch-B steel is charac-
terised by higher tensile strength than fortiweld.
Steel M-5 (0-249, Cb) has a tensile strength of
111,450 ps.i. in the as-forged condition and on
normalising at 1,200°C this value is increased to
116,000 p.s.i. In case of steel M-6 (0:26% Cb)
even though the as-forged strength is only 100,500
p.s.i. after a normalising treatment the strength
is increased to 114,800 p.s.i. By comparison the
alloy contents of these steels are in the range of
509, to that of molybdenum, yet the strength
properties are increased at least by 25%. However,
increasing columbium above 0-25%, appears to have
little effect in further improvement of the strength
properties and so it is similar to Mo-B steel for
which the limiting value of Mo is 0'5%. Another
beneficial feature of Cb-B steel is the tendency to
give a higher yield-tensile ratio. For Mo-B base
this ratio is about 075 whereas for the former
this value is invariably above 085 and a stress
relieving treatment enhances this value even to
0-95. Since yield stress is the most important
physical index of high tensile steels, the importance
of this observation is self-evident. It should be
noted that the high yield-tensile ratio is accompanied
by equally good duectility. Theoretically, these proper-
ties indicate the possibility that the bainitic trans-
formation of Cb-B oceurs within a restricted range
at such temperatures so as to induce a certain degree
of self-tempering,

An undesirable feature of Ch-B steel is the necessity
of a high temperature for the normalising treatment.
This is a common trait of all columbium-alloyed steels,
for the element in common with other elements that
form alpha ferrite, raises the temperature of transfor-
mation. The reported finding of the influence of
heat-treating temperatures on the hardness of plain
columbium alloyed iron is that the maximum hardness
is attained between 1,100°C and 1,200°C with a steep
rise from 900°C. This observation is quite in agree.-
ment with the behaviour of Cb-B steel. Also the
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creep strength is said to be maximum for the alloy
if austenitised just below the delta transformation.
Even though no proper explanation is advanced to
this high temperature requirement of columbium bear-
ing steel, it may be conjectured that it could be
related to the extreme affinity of the element to form
iron intermetallics and carbides of high thermal
stability. However, the softening of the steel at
about 925°C is reasonably clear from the carbon-free
iron-columbium diagram shown in Fig. 10. About
1% of columbium raises the Ac,; temperature from
910°C to 989°C. The widening of the alpha-gamma
loop even at low percentage of the element shows
that even in a lean alloy, retention of ferrite is likely
to occur below a temperature of 989°C. Since the
effect of the element arises from solid solution in
austenite and subsequent bainitic transformation,
ferrite retention would cause decrease in strength.
And so the austenitising temperature of the steel
should be above 989°C to assure complete transforma-
tion while any temperature below this limit would
be conducive to a softening reaction.

It is evident from the composition and properties
of the steel that elevated temperature strength has
to be related to the phase structure. In Mo-B
steel the bainitic structure is resistant to softening
even up to 600°CY, Since Cb alloying is established
to be superior to Mo in imparting high tempera-
ture strength to steels, in general, the bainitic
stability of Cb-B steel should mnot be inferior to
that of Mo-B steel. The observations made on
the steel are in favour of this conclusion. Unlike
Mo-B steel, this steel opens up a new field of
investigation, namely, the precipitation of iron-
columbide in a bainitic matrix. Such a steel can
be expected to have better strength than the plain
bainitic or ferritic precipitation hardened steel with
equally good or better creep resistance. The low
transition temperature of the steel is indicative
of fairly good low temperature properties. The
observed —35°C for steel M-13, is in the presence of
0:006%, B which is far in excess of the minimum
of 00029, required. It is known that steels are
susceptible to embrittlement when there is a high
boron content. Therefore Ch-B steel with a lower
boron content should have better low-temperature
impact resitance and in fact steel M-19 contai-
ning 0-004%, B gives a transition temperature of
—65°C, which incidentally contains 0-14%, Mo. How-
ever, the transition temperature of Mo-B steel is
normally in the neighbourhood of —20°C, therefore
the contribution of Mo in lowering the transition
temperature of steel M-19 is to be considered
insignificant. This tendency of columbium bearing
bainitic steel to give lower transition temperature is
to be attributed to its better grain refining ability.

Conclusion
Among bainitic low carbon steels or lean alloy

high tensile steels, Cbh-B steel has exceptional
mechanical properties to be recognised as a unique
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limitation of this
columbium in large
since it is a rare element. 1lowever,
economieally the steel works out to be superior to
Mo-B steel, for the alloy requirement is not more
than one-seventh of Mo to give strength of the
latter. Also a fiftiweld steel can be Cd.’:llV produced
with Cb.B  which is an unsurpassed achievement
among lean-alloy low carbon steels. HKven though
no data have been presented regarding the weld-
ability, it should he mentioned that the few tests
conducted showed that the steel is as good as
Mo-B steel in this respect. In general it must be
admitted that a more detailed and thorough investi-
gation is needed to elucidate the finer characteris-
ties of the steel.

addition to this class. The main
steel is the non-availability of
guantities,
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