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Systematic research has been undertaken on the effects of single and combined additions of vanadium
and silicon on the mechanical properties of pearlitic steels being developed for wire rod production.
Mechanical test results demonstrate that the alloy additions are beneficial to the mechanical properties
of the steels, especially the tensile strength. Silicon strengthens pearlite mainly by solid-solution
strengthening of the ferrite phase. Vanadium increases the strength of pearlite mainly by precipitation
strengthening of the pearlitic ferrite. When added separately, these elements produce relatively greater
strengthening at higher transformation temperatures. When added in combination the behavior is
different, and substantial strength increments are produced at all transformation temperatures studied
(550 �C to 650 �C). The addition of silicon and vanadium to very-high-carbon steels (�0.8 wt pct
C) also suppresses the formation of a network of continuous grain-boundary cementite, so that these
hypereutectoid materials have high strength coupled with adequate ductility for cold drawing. A wire-
drawing trial showed that total drawing reductions in area of 90 pct could be obtained, leading to
final tensile strengths of up to 2540 MPa in 3.3-mm-diameter wires.

I. INTRODUCTION If the carbon content is increased to higher than 0.8 wt pct,
continuous grain-boundary cementite can form and causeTHE primary requirements for high-strength wire appli-
embrittlement.[4,5] Nevertheless, we have found that it iscations are tensile strength, ductility, and formability. Cold-
possible to use pearlitic steels with carbon contents greaterdrawn plain-carbon pearlitic steels have commonly been
than 0.8 wt pct without the formation of a continuous cement-employed for this purpose. The properties of such drawn
ite network by the addition of silicon and vanadiumwires are a function of the strength and microstructure of
together.[6,7] The addition of vanadium results in the fragmen-the feedstock, the amount of reduction during drawing, and
tation of the grain-boundary cementite network, and thethe geometry of the dies. It is known that there are limitations
presence of silicon acts as a kinetic inhibitor to cementiteon the strength that can be achieved in as-patented plain-
growth during transformation. The addition of vanadium iscarbon steels through changes of the heat-treatment condi-
also beneficial to the stability of the cold-drawn pearlite.tions, amount of cold deformation, die geometry, and temper-
The interstitial atoms, especially nitrogen, dissolved in fer-ature of the drawn wire (dynamic aging and static aging).
rite may cause a significant reduction of the ductility ofAlthough very-fine-diameter pearlite wire has achieved very
the steels because of strain aging.[8,9] By the addition ofhigh strength,[1,2] it is difficult to draw plain-carbon steels
vanadium, the nitrogen dissolved in ferrite[10] can beinto wire of a strength higher than 2000 MPa with a large
removed by the formation of alloy carbonitrides, and thefinished diameter (�2 mm). A relatively larger rod feedstock
strain aging of the wire is minimized.diameter is necessary, and this makes it difficult to achieve

The addition of alloying elements challenges the conven-the rapid transformation conditions needed to produce the
tional concept in wire manufacturing that the optimumfinest pearlite spacings and, hence, to obtain the highest rod
microstructure for producing the highest strength in the fin-strengths. Also, drawing a larger cross section rod introduces
ished product by cold drawing is the finest possible interla-nonuniform deformation and may even cause premature fail-
mellar spacing in pearlite. Only a very small amount of alloyure when processing plain-carbon steels. Similar problems
addition (e.g., 0.1 wt pct vanadium) may introduce extraare also found in drawing large–cross section nonferrous
strengthening features such as interphase precipitation to thecomposites.[3] The other method to increase the strength of
lamellar structure, under certain transformation conditions.[7]

the wire, if a large final cross section is required, is to
Therefore, it is necessary to assess what the optimum micro-increase the tensile strength of the rod prior to cold drawing.
structure and heat-treatment conditions are in order toThis permits a desired final wire tensile strength to be
achieve the required mechanical properties in such micro-achieved with a smaller overall drawing strain. The most
alloyed steels.efficient ways to develop such a high-strength rod from the

The present work was carried out in order to identify thecustomary pearlite microstructure are to add alloy elements
role of carbon, silicon, and vanadium on the mechanicalor increase the carbon content.
properties of pearlitic steels. Small, high-purity laboratory
melts were first used to investigate the properties of a range
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Table I. Composition of the Experimental Alloys

Alloy C(wt pct � 0.02) Mn(Wt Pct � 0.02) Si(Wt Pct � 0.02) V(Wt Pct � 0.02) N(Wt Pct � 0.0005)

1 0.76 0.72 0.23 — —
2 0.81 0.72 0.96 — —
3 0.84 0.73 1.01 0.1 —
4 0.79 0.62 0.22 0.2 —
5 0.82 0.66 0.91 0.2 —
6 0.95 0.80 0.27 �0.02 —
7 0.95 0.77 1.04 �0.02 —
8 0.97 0.68 0.98 0.1 —
9 0.96 0.68 0.96 0.2 —

10 0.93 0.81 1.02 0.25 0.0095
11 0.95 0.82 1.04 0.22 0.0097
12 1.05 0.73 1.02 0.19 —
13 1.15 0.88 0.39 — —
14 1.15 0.60 0.23 0.15 —

was carried out in conjunction with Haggie Rand Ltd. (South heat treatment. Flowing argon/nitrogen gas was used in the
furnace during the austenitization of the large samples (upAfrica) and included mechanical tests of as-transformed rod,

in order to determine the optimum heat-treatment condition to 10 mm in diameter.) After air cooling to room temperature,
the specimens were reaustenitized at selected temperatures,for subsequent wire drawing.
which were generally chosen to dissolve the alloy carbide
in the steels but maintain a relatively small austenite grain

II. EXPERIMENTAL size (ASTM grain-size number higher than 3 for vanadium
steels). In the case of small-scale laboratory treatments, spec-The compositions of the steels used in this work are listed
imens were then quenched into a salt pot or a lead bath. Ain Table I. (Note: all compositions are quoted in weight
continuous industrial patenting line was used for the larger-percent throughout this article.) The experimental steels 1
scale trial of steel 11 (0.95C-1.04Si-0.22V).through 9 and 12 through 14 were designed to study the

The specimens used for hardness tests were 5 mm ineffects of silicon and vanadium alloying additions, both
diameter and 20 mm in length. The experimental samplesseparately and in combination, on the hardness and strength
were taken from regions at least 40 mm from either end ofof pearlitic steels having carbon contents in the range from
the hot-rolled rods, in order to avoid inhomogeneity effects.0.76 to 1.15 wt pct. Small (1 kg) casts were prepared by
After heat treatment, each specimen was machined to removevacuum melting at Sheffield University Materials Advisory
the outer surface layers. The hardness measurements wereCenter, ( , United Kingdom). These were then hot rolled
taken from surfaces polished for optical microscopy withoutinto the form of 12-mm-diameter rods. Microstructural
being etched, using a Vickers hardness machine equippedexamination of alloys 1 through 9 and 12 has been reported
with a pyramidal indenter. The minimum impression spacingpreviously.[6,7] Steel 13 was supplied as a 25 mm bar by
(center to edge of adjacent impression) was about 2.7 timesG.K.N. Group Technology Centre (Wolverhampton, United
the diagonal and at least 1 mm from the edge of the specimen.Kingdom) and steel 14 was prepared as a small ingot in the
The loads were applied parallel to the wire axis. Six indenta-Department of Materials at Cambridge University (Cam-
tions were obtained from each specimen using a 20 or 30bridge, United Kingdom).
kg load. The measured sizes of the indentation were trans-Larger (40 kg) casts of steels 10 and 11 were prepared
lated into Vickers hardness numbers (HV) from a tableby vacuum melting at Iscor Research Laboratory (South
according to ASTM Specification E92[11] and are reportedAfrica) and were hot rolled into the form of 9-, 10-, and
with hardness number first and with the load used second.11.5-mm-diameter rods. The compositions of these larger
When the load is omitted from the data, 20 kg was used.casts were selected following the laboratory work under-

The specimens used for standard tensile testing weretaken on steels 1 through 9 and 12 through 14. This showed
machined axially from rolled bars and had an 18 mm gagethat if the carbon composition exceeded 1.05 wt pct, the
length and 3.5 mm gage diameter. The specimens weredrawability of the steels transformed at relatively low tem-
ground and polished to the final required diameter with a 1peratures was likely to be poor, because platelet cementite
�m diamond-paste cloth after heat treatment. Tensile testingwas present at grain boundaries. Moreover, as carbon segre-
was done at room temperature in an Instron machine at angation was considered to be inevitable in commercial rod
initial strain rate of approximately 5 � 10�4/s. A numbersteels, the carbon concentration in the segregated region
of tensile specimens, having lengths of approximately 200could be well above the maximum design level (i.e., �1.05
mm and various gage diameters without shoulders, werewt pct). The carbon content of the two larger heats of steel
also machined from rolled bars and drawn wires. Two tensilewas, thus, chosen as 0.95 wt pct.
tests were carried out for each of the various sizes of wire,The homogenizing heat treatments of the small samples
with the exception that ten tensile tests were undertaken for(�5 mm in diameter) were undertaken by sealing the sam-
the final 2.8-mm-diameter wires.ples in silica tubes with Ti turnings and low-pressure argon

gas in order to prevent decarburization and oxidation during Samples for transmission electron microscopy (TEM) and
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scanning transmission electron microscopy were prepared
by jet polishing.[7] The foils were examined in a PHILIPS*

*PHILIPS is a trademark of Philips Electronic Instruments Corp., Mah-
wah, NJ.

CM12 analytical electron microscope operating at 120 kV.
The interlamellar spacing in pearlitic steels was measured
by choosing pearlite colonies with the interface between
cementite and ferrite approximately parallel to the electron
beam. The specimen was then tilted until the interfaces were
parallel to the electron beam. The spacings were finally
measured from this area. More than 200 lamellae were mea- (a)sured for each condition.

The wire-drawing trials were carried out at Haggie Rand
Ltd. and were divided into two parts: single-die trials and
continuous-drawing trials. Rods of 11.5, 10, and 9 mm diam-
eters were used. The patented 11.5 and 10 mm rods were
drawn using a single-hole die-drawing bench, and the 9-
mm-diameter rods were drawn via a Veetrac continuous
wire-drawing machine. In the Veetrac machine, the 9 mm
rod was first drawn into a 4.26-mm-diameter wire through
eight successive dies and was collected. The wire was then
drawn into the final product through six further passes. The
drawing speed was kept low (approximately 1 m/s) in order
to minimize the heat produced by the drawing process. A
water cooling device was also employed, in order to reduce (b)
further the heat generated in the wires.

III. RESULTS

A. Alloying Addition Effects

The hardness variations of steels with different carbon
and alloying-element contents, for different isothermal trans-
formation conditions, are shown in Figures 1 through 3. All
the samples were 5 mm in diameter and were austenitized
for 10 minutes at 1050 �C and subsequently transformed to
pearlite in a salt pot held at temperatures between 550 �C
and 650 �C. (c)

Figure 1 shows the hardness variations with transforma-
Fig. 1—Influence of silicon additions on hardness: (a) eutectoid plain car-tion temperature and silicon content in different steels. It is
bon steel, (b) vanadium steel, and (c) hypereutectoid steel. The steels wereapparent that the hardness values increase with increasing
austenitized at 1050 �C for 10 min before isothermal transformation at

silicon content at all isothermal transformation conditions. various temperatures for 3 min.
For example, in Figure 1(a), the addition of 0.75 wt pct
silicon increases the hardness of plain-carbon eutectoid
steels by about 7 pct in the steels isothermally transformed
at 600 �C (adjusting the data for the slight difference in weight, vanadium has a much greater strengthening effect

than silicon. For instance, at 580 �C, 0.2 wt pct vanadiumcarbon content between the two steels shown—refer to Sec-
tion IV–A). The hardness increment due to silicon is larger increases the hardness by about 15 pct for a low-silicon steel

(0.23 wt pct Si) and by about 20 pct for a high-silicon steelat the higher transformation temperatures in the case of the
plain-carbon eutectoid steels. Figure 1(b) gives the hardness (0.96 wt pct Si). The variation in hardness with temperature

is more complicated in vanadium steels than in the othervalues for two vanadium eutectoid steels having different
silicon contents. A greater hardness increment by silicon steels, due to the fact that, as the isothermal transformation

temperature is lowered, there is a progressive reduction inaddition appears to be achieved at the lower transformation
temperatures in the vanadium-containing steels, with a interlamellar spacing, coupled with a change in the size and

amount of vanadium carbide precipitation. The experimentalmarked discontinuity in behavior below 600 �C. Figure 1(c)
demonstrates the effect of silicon in hypereutectoid plain- evidence indicates that as the transformation temperature

is lowered, there is a greater strengthening effect by thecarbon steels. As in the case of eutectoid plain-carbon steels,
silicon has a greater effect on hardness in the higher-transfor- refinement of the interlamellar spacing of the pearlite, but

a lesser effect by interphase precipitation in the pearliticmation-temperature range.
The effects of vanadium on hardness are shown in Figure ferrite.[12] The extent of the decrease in hardness with

increasing transformation temperature in a hypereutectoid2. It is apparent that, for the same percentage addition by

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 32A, MONTH 2001—3



(a) (b)

(c) (d)

Fig. 2—Influence of vanadium additions on hardness: (a) eutectoid plain carbon steels, (b) silicon steels, (c) hypereutectoid steels, and (d ) silicon
hypereutectoid steels. The steels were austenitized at 1050 �C for 10 min before isothermal transformation at various temperatures for 3 min.

vanadium steel 14 (1.15C-0.23Si-0.15V) is very similar to this may be due to incomplete dissolution of vanadium car-
bide precipitates in ultrahigh-carbon steels during austeniti-that for a hypereutectoid plain-carbon steel 13 (1.15C-
zation at 1050 �C.0.39Si), as shown in Figure 2(c). Perhaps surprisingly, vana-

dium appears to have only a limited strengthening effect at
this ultrahigh-carbon level (1.15 wt pct C). However, it is

B. Transformation-Temperature Effectspossible that in this case the austenization temperature used
(1050 �C) may not have been sufficient to dissolve all the The hardness increases with decreasing isothermal trans-

formation temperature for all the alloys studied, as shownprimary vanadium carbides.
in Figures 1 through 3. Thus in principle, lower transforma-At lower transformation temperatures (�600 �C), the
tion temperatures should be selected in order to obtain maxi-combination of silicon and vanadium additions has a greater
mum strength. However, the microstructural investigationstrengthening effect than the sum of the effects of their
reported by the present authors for a similar series of alloys[7]

separate additions. For example, after allowing for the slight
indicated that a nonuniform microstructure started to formdifferences in carbon contents between the steels studied,
below 600 �C in microalloyed pearlites, although no bainitethe sum of the strengthening effects produced at 550 �C by
was observed in the temperature range investigated. Forindividual additions of 0.75 wt pct Si and 0.2 wt pct V is
example, Figure 4 shows grain-boundary regions in steel 5about 10 pct, whereas the increment produced by adding
(0.82C-0.91Si-0.21V) transformed at 580 �C and 650 �C,the same amount of these elements in combination is about
respectively. Very irregular pearlite morphologies are15 pct. This may be explained by the effect of silicon on
observed at the lower transformation temperature, and thesereducing the solubility product of vanadium carbide in aus- would be expected to have a deleterious effect on wire-

tenite, which promotes rapid precipitation during the trans- drawing properties. In order to avoid this nonuniform micro-
formation to pearlite.[13]

structure but still obtain the best possible strength, 600 �C
Figure 3 shows the effects of carbon content on the hard- was chosen as the optimum isothermal transformation condi-

ness of the steels. As expected, increasing the level of carbon tion for drawing trials.
gives extra hardness. For example, at 600 �C, increasing the The results of mechanical testing of 11.5-mm-diameter
carbon content from 0.84 to 0.97 pct increases the hardness rod samples from the larger-scale heat of steel 10 (0.93C-
by 10 pct in 1 pct Si-0.1 pct V steels. In 1 pct Si-0.2 pct V 1.02Si-0.25V) are shown in Figures 5 and 6. The specimens
steels, increasing the carbon content from 0.82 to 0.96 pct were austenitized for 10 minutes at temperatures in the range
produces a rather smaller hardness increment (6 pct), and a from 950 �C to 1050 �C and then isothermally transformed
further increase of carbon content beyond 0.96 pct produces in a lead bath at temperatures in the range from 580 �C to

640 �C. The hardness and ultimate tensile strength bothonly a very limited further increase. As mentioned earlier,
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(a)

(a)

(b)

(b)

Fig. 4—Comparison of the microstructure at the vicinity of prior austenite
grain boundaries (scanning transmission electron microscopy image) of(c)
steel 5 (0.82C-0.92Si-0.2V) transformed at different temperatures. Arrows
indicate grain boundary cementite particles: (a) 580 �C and (b) 650 �C.Fig. 3—Influence of carbon additions on hardness: (a) plain carbon and

silicon steels, (b) silicon low vanadium steels, and (c) silicon plus vanadium
steels. The steels were austenitized at 1050 �C for 10 min before isothermal
transformation at various temperatures for 3 min.

increase with decreasing isothermal transformation tempera-
ture (Figures 5 and 6(a)). This tendency is the same as
that observed during the earlier testing of smaller (5-mm
diameter) samples of the experimental steels shown in Fig-
ures 1 through 3. The hardnesses obtained from the larger-
scale heat of steel 10 are systematically greater (by 5 to 10
pct) than those recorded for the closest equivalent small-
scale experimental steel 9 (0.96C-0.96Si-0.2V). This may
be partly due to the higher vanadium content in the larger-
scale heat (0.25 pct vs 0.20 pct), but minor differences in
processing and isothermal transformation conditions may Fig. 5—Hardness test results of 11.5-mm-diameter rod of steel 10(0.93C-
also have had an effect.[14] 1.02Si-0.25V) under different austenitization and isothermal transforma-

tion temperatures.The reduction in area increases with decreasing isothermal
transformation temperature when the isothermal transforma-
tion temperature is higher than 600 �C (Figure 6(b)). As the
temperature is lowered below 600 �C, the reduction in area drawability of the steels, this confirms that the optimum

isothermal transformation temperature of these alloys isstarts to drop. As the reduction in area is related to the
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Fig. 7—Tensile test results of steel 11(0.95C-1.04Si-0.22V) in 9-mm rods(a) for different isothermal transformation times at 600 �C after austenitization
at 1000 �C for 6 min.

(b)

Fig. 6—Tensile test results of 11.5-mm-diameter rod of steel 10(0.93C-
1.02Si-0.25V) after austenitization at different temperatures for 10 min and

Fig. 8—Tensile test results for steel 11(0.95C-1.04Si-0.22V) in 9-mm-isothermal transformation at different temperatures for 3 min: (a) tensile
diameter rods after different austenitization times at 1000 �C. (Isothermalstrength and (b) reduction in area at fracture.
transformation conditions were 600 �C for 3 min.)

about 600 �C. Figures 5 and 6 also show that the tensile
strength and hardness gradually improve with increasing also examined for a fixed austenitization temperature of
austenitization temperature. This is presumably because the 1000 �C and fixed isothermal transformation conditions of
increase of vanadium solubility in the austenite makes more 600 �C for 3 minutes. The properties obtained from 9 mm
available for subsequent precipitation strengthening. How- rod samples are shown in Figure 8. It appears that 6 minutes
ever, above 1000 �C, the ductility decreases dramatically of austenitization time gives the best combination of tensile
(Figure 6(b)). The best austenitization temperature range is, strength and ductility. Although 10 minutes gave a higher
thus, determined to be between 950 �C and 1000 �C. The tensile strength, the ductility was considered too low to be
tensile strength of the steel austenitized at 950 �C was used. A further decrease of austenitization time below 6
thought to be too low to develop ultrahigh-strength steel minutes brought about an improvement of the ductility, but
wires. Therefore, 1000 �C was chosen to carry out austeniti- with a significant sacrifice of strength.
zation on the steels for subsequent drawing trials.

C. Transformation-Time Effects D. Comparison of Hardness and Tensile Test Values

The effects of varying isothermal transformation times on The vickers hardness number can be related to flow
the mechanical properties of steel 11 (0.95C-1.04Si-0.22V) strength (�y) or tensile strength (�u) by the following
are illustrated in Figure 7. The specimens were 9 mm in equations.[11]

diameter, the isothermal transformation temperature was 600
�C, and the austenitization condition was 1000 �C for 6 HV � Chv/�y � �y [1]
minutes. After a transformation time of 1 minute, a small
amount of martensite was found and the ductility was poor. HV � Chv/�u � �u [2]
A transformation time of 2 minutes appears to give the
optimum balance of properties for a 9 mm rod, although the where Chv/�y and Chv/�u are constants and are dependent on

the materials tested and the geometry of the indenter.[15]ductility was slightly lower than after transformation for
3 minutes. Some results of hardness and tensile test measurements car-

ried out on laboratory steels 9 (0.96C-0.96Si-0.2V) and 12The effects of varying austenitization times on the
mechanical properties of steel 11 (0.95C-1.04Si-0.22V) were (1.05C-1.02Si-0.19V) and for the larger-scale heat of steel
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austenitizing temperature, because the overall refinement of
the microstructure will vary correspondingly.[16]

IV. DISCUSSION

The salient features of the current work are the dependence
of the mechanical properties of ultrahigh-carbon pearlitic
steels on carbon content, alloying additions, microstructure,
and isothermal transformation temperature. The combined
addition of vanadium and silicon does not only strengthen
the pearlite, but also suppresses the formation of continuous
grain-boundary cementite, so that the ultrahigh-carbon pearl-
ite can be drawn into high-strength wire. In order to obtain
an optimum combination of high strength and ductility, theFig. 9—Relationship between hardness values and tensile strength of steels
alloying additions, isothermal transformation temperatures,9 (0.96C-0.96Si-0.2V), 10(0.96C-0.96Si-0.2V) and 12(1.05C-1.02Si-

0.19V) austenitized at various temperatures for 10 min. and drawing routes need to be carefully controlled. We shall
discuss each of these variables in turn.

10 (0.93C-1.02Si-0.25V) are illustrated in Figure 9. The A. Effects of Alloy Composition on Strength
straight line corresponding to Eq. [2] is also shown. From

At a fixed transformation temperature, the hardness valuesthe data, the mean value of Chv/�y is 4.39 � 0.460 if both
HV are a function of the alloy element concentrations:hardness and strength are expressed in MPa, or 0.448 �

0.047 kg/mm2/MPa if hardness is expressed in units of kg/ HV� � f(C1, C2 . . . Ci . . . ) [3]
mm2. For Chv/�u, the result is 3.0 � 0.7 (or 0.306 � 0.07

where Ci is the concentration of alloying element i. Over akg/mm2/MPa).
limited range of compositions, Eq. [3] can be expressed as
a Taylor series:

E. Wire-Drawing Trials
HV� � C0 	 �HViCi 	 ��HVikCiCk	 [4]

Wire-drawing trials were carried out using the larger-
scale heats of steels 10 (0.93C-1.02Si-0.25V) and 11 (0.95C- where C0, HVi , HVik , etc. are constants.
1.04Si-0.22V). The results of the trials are summarized in Provided that Ci Ck is small, the higher-order terms can
Table II. The highest tensile strength was 2540 MPa, be omitted and a multiple linear regression technique can
obtained in wire drawn from 11.5-mm-diameter feed-in be used to fit an expression of the form
stock of steel 10 (0.93C-1.02Si-0.25V). The isothermal

HV� � C0 	 HVC(pct C) 	 HVMn(pct Mn)
[5]

transformation temperature was 600 �C and the austenitiza-
tion temperature was 1000 �C. The excellent tensile strength 	 HVSi(pct Si) 	 HVV(pct V)
was accompanied by a high reduction of area at fracture of
the initial rod (33 pct). After austenitization at the higher A similar approach was previously used to estimate the

hardening effects of various kinds of alloying elements ontemperature of 1050 �C, the reduction in area at fracture of
the initial rod was less satisfactory (17 pct). As the austeniti- tempered martensite[17] and, more recently, to summarize

alloy addition effects on the tensile strength of continuouslyzation temperature was decreased to 950 �C to 900 �C, the
as-drawn tensile strength decreased, but the ductility of the cooled vanadium-free steels.[18] Table III shows the results

for the present series of alloys. Because the variation in Mnas-drawn wires was very good under these conditions. For
example, wires produced from the 9 mm rod of steel 11 levels between the different steels studied in this work was

very small, the regression analysis does not produce a reli-(0.95C-1.04Si-0.22V), drawn to a 90.7 pct reduction, exhib-
ited a strength of 2354 MPa, together with a reduction in able value for the coefficient HVMn. Therefore, in Table III,

the terms C0 and HVMn (pct Mn) in Eq. [5] have beenarea of 30 pct in a tensile test. The slight differences in the
total reduction during the various drawing trials are among grouped together in a single term, C. Clearly, the levels of

carbon and vanadium have by far the largest effects onthe factors causing different tensile strengths at the same

Table II. Mechanical Properties of Drawn Steels with Different Feed-In Diameters

Feed-In Rod Isothermal
Diameter Austenitization Transformation Reduction-in-Area Ultimate Tensile Ultimate Tensile Final Wire Total

(mm)/ Steel Temperature Temperature at Fracture before Strength before Strength after Diameter Reduction
Number (�C) (�C) Drawing (Pct) Drawing (Mpa) Drawing (MPa) (mm) (Pct)

11.5/10 1000 600 33 1449 2540 3.35 91.5
11.5/10 950 600 44 1380 2273 3.35 91.5
10/10 1050 600 17 1518 2450 3.10 90.4
10/10 1000 600 27 1495 2389 3.10 90.4
9/11 950-900 600 25 1410 2354 2.75 90.7
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Table III. Parameters from Regression Analysis in transformation temperature by about 20 to 25 pct. Assuming
Relationship of HV�/20 � C � HVC (Pct C) � HVSi that a Hall–Petch-type relationship exists between strength

(Pct Si) � HVV (Pct V) and interlamellar spacing, the reduction in spacing would
largely account for the observed increment of 10 pct inIsothermal
hardness produced by this increase in carbon content (FigureTransformation
3(b)), with the increase in volume fraction of cementiteTemperature C HVC HVSi HVV
being a secondary factor.(�C) (kg/mm2) (kg/mm2) (kg/mm2) (kg/mm2)

550 145 � 27 247 � 33 22 � 9 258 � 31 2. Effects of vanadium
630 to 635 167 � 30 174 � 37 31 � 10 230 � 35 Table III demonstrates that vanadium has the strongest650 151 � 35 156 � 42 42 � 11 291 � 40

strengthening effect among all the alloy elements considered.
Additions of this element strengthen pearlite mainly by the
formation of precipitates in the ferrite phase. At low transfor-
mation temperatures, vanadium may strengthen the ferriteproperties, with silicon being of less importance. The two
by forming very small clusters with carbon, where littleprincipal limitations on the use of this approach for the
vanadium carbide precipitation can be detected. At relativelypresent series of steels have been mentioned earlier. At low
high transformation temperatures, where vanadium carbidestransformation temperatures, there is evidence that the
are detectable by both TEM and FIM/AP, the strengtheningeffects of combined silicon plus vanadium additions are
effects should be largely attributable to classical precipitationgreater than the sum of the effects of these elements added
strengthening.[7,22] Using the values of Chv/�u and HVV inindividually. Clearly, under these conditions, the cross term
Table III, 0.1 wt pct vanadium can be shown to increaseCSiCV is significant and positive in sign. Also, an apparent
tensile strength by 74 to 94 MPa, depending on the transfor-saturation in strengthening occurs at the highest carbon and
mation temperature. These values are of the same magnitudevanadium levels, probably due to incomplete dissolution
as those obtained by other authors (e.g., 94 to 124 MPa withof vanadium carbide during austenitization. This effect is
0.1 wt pct vanadium additions, according to Kirkcaldy[18]).difficult to incorporate in the aforementioned framework,

When the variation of pearlite interlamellar spacing withbut the cross term CCCV could be regarded as significant
vanadium concentration level was analyzed statistically, noand negative in sign.
significant trend was found. In the plots of pearlite spacing

1. Effects of carbon vs transformation temperature (Figure 10(a)), the behavior
The parameter HVC reflects the two main changes that of the 1.05 pct C-1.02 pct Si-0.19 pct V steel (steel 12)

take place when the carbon concentration is altered. The was anomalous, in that the curve of reciprocal spacing vs
volume fraction of the strengthening cementite phase temperature intersected the equivalent curves for other steels.
changes, but in addition to this, there is an effect on the This indicates a possible effect of increasing vanadium levels
pearlite interlamellar spacing. In view of this, earlier mea- on the transformation process in ultrahigh-carbon steels, but
surements of isothermal transformation temperature (T ) vs the nature of the processes involved is not clear.
interlamellar spacing (�), reported in Reference 12, were
subjected to analysis as shown in Table IV and Figure 10(a). 3. Effects of silicon
The figure is plotted as T vs 1/�, because T and � are Silicon has the lowest strengthening effect among the
considered to obey the equation[19] alloy elements considered. As silicon is detected mainly in

ferrite in such steels,[12] its strengthening mainly relies on aT � A1 � B/� [6]
solid-solution hardening mechanism. Such a strengthening
effect has been reported by several authors either in purewhere A1 is the equilibrium austenite decomposition temper-

ature, B � A1c��/cm /��Hv, ��/cm is the ferrite/cementite iron[23,24] or in pearlite.[18,25,26] In this work, the solid-solution
strengthening in ferrite by silicon affects mechanical proper-interfacial energy, �Hv is the change of enthalpy per unit

volume between the austenite and pearlite, � is the density, ties by almost an order of magnitude less than the strengthen-
ing by vanadium. This may be the reason why increasingand c is a constant that is between 3/2 and 3, depending on

the model used to develop the equation.[19,20,21] The data in the addition of silicon from 0.32 to 0.85 pct was reported
previously not to enhance the strength levels of pearliteFigure 10(a) indicate that increasing the carbon content from

0.84 to 0.97 pct decreases the interlamellar spacing in 1.0 following patenting.[14,27] However, the current work empha-
sizes the effect of silicon in suppressing the formation ofpct Si-0.1 pct V steels (steels 3 and 8) at the same isothermal

Table IV. Pearlite Spacings (nm) of Selected Steels

Spacimen 0.84C1.01 0.97C0.98 1.05C1.02
Number Steel 3 Si0.1V Steel 8 Si0.1V Steel 12 Si0.19V

Transformation
Temperature Spacings Spacings Spacings

(�) (nm) Error (nm) (nm) Error (nm) (nm) Error (nm)

550 105 4 86 8 94 5
580 135 5 95 12 101 6
635 156 4 123 2 118 6
650 199 5 150 5 129 4
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of the dislocation barriers provided by the carbide/ferrite
interfaces. The exponent m is generally considered to be
0.5 or 1. When m � 0.5 Eq. [7] becomes the Hall–Petch
relationship.[32,33] However, a value of m � 1 is generally
preferred, because a negative value of �0 is sometimes
obtained when the Hall–Petch relationship is employed.
Data on the hardness vs the reciprocal of interlamellar spac-
ing for selected steels are shown in Figure 10(b). The param-
eters in Eq. [8] for several alloyed steels were obtained by
a linear regression method and are also shown in the figure.
Steel 12 (1.05C-1.02Si-0.19V) has a significantly higher
value of Kh than the other steels studied, presumably because

(a) of its combination of very high carbon, vanadium, and sili-
con contents.

Combining Eqs. [6] and [8], we obtain

HV � HV0 	 Khv �T m [9]

where Khv � Chv/�uKu/Bm, and �T � A � T. Thus, the Vickers
hardness numbers can be related to undercooling by the
simple Eq. [9].

If m � 1, then, after substituting �T with A1 � T, Eq.
[9] becomes

HV � K0 � KhvT [10]

where K0 � HV0 	 KhvA1.
From Eq. [10], it is clear that as T increases, the hardness

value decreases, as shown in Figures 1 through 3. The values(b)
of HV0 and Khv were calculated by regression and are listed

Fig. 10—Heat treatment and microstructure on hardness of steels 3(0.84C- in Tables V and VI, corresponding to m � 0.5 and 1,
1.01Si-0.1V), 8(0.97C-0.98Si-0.1V), and 12(1.05C-1.02Si-0.19V). The respectively.
steels were austenitized at 1050 �C for 10 min before isothermal transforma-

Using the values of B obtained from analysis of the datation at various temperatures for 3 min. The linearity R is used to describe
shown in Figure 10(a), the values of Ku when m � 1 arehow the data are close to a straight line. The data lie on a straight line if

R � 1. (a) Relationship between isothermal transformation temperatures calculated to be
and reciprocal interlamellar spacing. (b) Relationship between hardness 0.0387 N/mm for steel 3 (0.84C-1.10Si-0.1V),
and reciprocal interlamellar spacing. 0.0396 N/mm for steel 8 (0.97C-0.98Si-1V), and

0.0808 N/mm for steel 12 (1.05C-1.02Si-0.19V).
These values agree reasonably well with those reported by

embrittling grain-boundary cementite networks. Thus, addi- previous authors for the flow stress of plain-carbon steels
tions of this element are more beneficial to the overall proper- (e.g., 0.060 N/mm in 0.80C-0.84Mn-0.17Si, according to
ties of ultrahigh-carbon steels than might be expected simply Dollar et al.[34]). If m equals 0.5, the values of Ku are
from consideration of solid-solution strengthening effects. 5.4 Nmm�3/2 for steel 3 (0.84C-1.10Si-0.1V),
Also, as discussed earlier, a beneficial synergistic effect 6.1 Nmm�3/2 for steel 8 (0.97C-0.98Si-0.1V), and
between silicon and vanadium exists at lower transformation 10.0 Nmm�3/2 for steel 12 (1.05C-1.02Si-0.19V).
temperatures. No significant effect of silicon concentration These values are also of similar magnitude to those reported
on pearlite interlamellar spacings was found. by previous authors for plain-carbon steels (e.g., 7.83

Nmm�3/2, according to Dollar et al.[34]).
The effect of alloy elements on HV0 and Khv can also beB. Effects of Transformation Temperature on Strength

examined using the data in Tables V and VI. There is a clear
Among the various parameters used to describe pearlitic trend in the values of HV0, the parameter that measures the

microstructures, interlamellar spacing is found to be the most strength of the ferrite phase. The plain-carbon steels have
important one for determining the tensile strength.[28] It is the lowest values, the silicon steel values are slightly higher,
also found that the hardness values can be related to the and the vanadium steel values are higher again, with the
tensile strength, as shown in the previous section. Therefore, highest vanadium content giving the highest overall value
using Eq. [2] and a relationship between the tensile strength of HV0. This is consistent with a progressive increase in the
and � value of the pearlite,[29,30,31]

strength of ferrite, first by solid-solution hardening due to
silicon and then by precipitation strengthening due to vana-�u � �0 	 Ku��m [7]
dium carbide formation. In contrast to the behavior of the

a connection can be established between the hardness values HV0 parameter, there are no clear trends in the variation of
and interlamellar spacing:[12,31] Khv with alloy composition. The different vanadium-con-

taining steels exhibit some of the lowest, as well as theHV � HV0 	 Kh��m [8]
highest, values of Khv , and the values for plain-carbon and
silicon-containing steels are also variable. Because the Khvwhere HV0 � Chv/�u � �0, �0 being the strength of ferrite;

and Kh � Chv/�uKu , Ku being a constant related to the strength parameter is complex, involving both thermodynamic terms
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Table V. Estimated Magnitude of HV0 and Khv Values in Relation between Hardness and Isothermal Transformation
Temperatures (m � 0.5)

Austenitization
HV0 Khv Linearity Temperature

Steel Number (kg/mm2) (kg/mm2/K0.5) (R)* (�C)

1 (0.76C) 138 15.3 0.98 1050
2 (0.81C-0.96Si) 239 9.3 0.93 1050
3 (0.84C-1.01Si-0.1V) 254 10.7 0.84 1050
4 (0.79C-0.2V) 288 7.9 0.90 1050
5 (0.82C-0.92Si-0.2V) 253 13.3 0.81 1050
6 (0.95C) 187 10.0 0.99 1050
7 (0.95C-1.04Si) 267 10.7 0.97 1050
8 (0.97C-0.98Si-0.1V) 244 13.2 0.99 1050

10 (0.93C-1.02Si-0.25V) 348 8.7 0.93 1050
10 (0.93C-1.02Si-0.25V) 303 12.2 0.98 1000
10 (0.93C-1.02Si-0.25V) 311 9.0 0.90 950
10 (0.93C-1.02Si-0.25V) 253 12.7 0.96 900
12 (1.05C-1.02Si-0.19V) 264 16.3 0.86 1050

*The linearity is used to describe how the data are close to a straight line. The data lie on a straight line if R � 1.

Table VI. Estimated Magnitude of HV0 and Khv Values in Relation between Hardness and Isothermal Transformation
Temperatures (m � 1)

Austenitization
HV0 KHV Linearity Temperature

Steel Number (kg/mm2) (kg/mm2/K) (R) (�C)

1 (0.76C) 216 0.73 0.99 1050
2 (0.81C-0.96Si) 288 0.43 0.93 1050
3 (0.84C-1.01Si-O.1V) 309 0.50 0.88 1050
4 (0.79C-0.2V) 329 0.37 0.89 1050
5 (0.82C-0.92Si-0.2V) 324 0.61 0.82 1050
6 (0.95C) 270 0.75 0.99 1050
7 (0.95C-1.04Si) 324 0.48 0.96 1050
8 (0.97C-0.98Si-0.1V) 315 0.60 0.99 1050

10 (0.93C-1.02Si-0.25V) 394 0.40 0.92 1050
10 (0.93C-1.02Si-0.25V) 369 0.56 0.97 1000
10 (0.93C-1.02Si-0.25V) 359 0.41 0.88 950
10 (0.93C-1.02Si-0.25V) 321 0.59 0.97 900
12 (1.05C-1.02Si-0.19V) 345 0.70 0.88 1050

and mechanical properties (Eqs. [6] and [9]), no simple �u � �o 	 Ku �0
�1/2(D0 /Dε)1/2 [12a]

explanation for its variation seems possible at this stage.
or

C. Effects of Wire Drawing on Strength �u � �o 	 Ku �0 (D0 /Dε) [12b]
The increment of the strength by wire drawing is princi-

pally due to the decreasing scale of the pearlite interlamellar The �u values for steel 11 (0.95C-1.04Si-0.22V) are plotted
spacing. A number of authors have treated the problem of with respect to (D0 /D� )1/2 and (D0 /D� ) in Figure 11. In each
drawing, which involves the codeformation of phases as a case, a good straight-line fit is obtained. An estimated value
problem of similitude, in which the spacing at strain (�) is for �0 is 406 MPa, and the estimate for Ku�0

�1/2 is 1,006 MPa,
proportional to the external diameter (D� ) of the wire or rod if m � 0.5. Plain-carbon eutectoid steels gave equivalent �0
at this strain level. Thus, the interlamellar spacings �� and and Ku�0

�1/2 values of 72 and 1304 MPa, respectively.[36] The
�0 at the drawing strain � and before drawing, respectively, measured �0 value for steel 11 is 100 � 10 nm. Therefore, Ku
are related by[3,35] for this steel is 10.0 Nmm�3/2, which is the same as the

value obtained in the previous section for steel 12 (1.05C-�� � �0 (D� /D0) [11]
1.02Si-0.19V) when m � 0.5. Therefore, increasing the car-
bon content from 0.95 to 1.05 wt pct does not have a signifi-where D0 is the external diameter of the wire or rod at

zero strain. cant impact on strengthening the pearlite by increasing the
barriers to dislocation migration in the lamellar structure,To a first approximation, the strength �u obtained at ��

can be described by combining Eqs. [7] and [11] and assum- consistent with the conclusion drawn from the hardness tests.
This also indicates that the extra carbon (0.1 wt pct C)ing that m � 0.5 1.0:
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6. The wire-drawing trial demonstrates that good mechani-
cal properties can be obtained from the steels, with opti-
mum composition (0.95C-1.0Si-0.2 wt pct V) and heat-
treatment conditions determined from laboratory-scale
testing. Total reductions in area of 90 pct could be
obtained during drawing, leading to final as-drawn tensile
strengths of up to 2540 MPa in a 3.3-mm-diameter wire.
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