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Abstract

Ultrahigh-carbon steels (UHCSs) can achieve very high strengths in wire or rod form. These
high strengths result from the mechanical work introduced during wire and rod processing.
These strengths have been observed to increase with carbon content. In wire form, tensle
strengths approaching 6000 MPa are predicted for UHCS containing 1.8%C. In this paper, we
will discuss the influence of processing (including rapid transformation during wire patenting)
and microstructure on the mechanical behavior of UHCS wire. The tensile properties of as-
extruded rods are described as a function of extrusion temperature and composition. For
spheroidized steels, yield and ultimate tensle strength are a function of grain size, interparticle
gpacing and particle size. For pearlitic steels, yield and ultimate strength were found to be
functions of colony size, carbide size and plate spacing and orientation. Alloying additions (such
asC, Cr, Si, Al and Co) can influence the effect of processing on these microstructural features.
For spheroidized steels, fracture was found to be a function of the size of coarse carbides and of
composition.



Introduction

Many of the papers a this symposium have described the unique mechanica properties that are
possible with ultrahigh-carbon steels (UHCSs) and the processing required to achieve them.
These properties include superplastic behavior a elevated temperature [1, 2], high strength with
good ductility at room temperature [3, 4], and high hardness and high wear resistance [5, 6]. In
this paper, we address the processing and resulting microstructures and mechanical properties
that can be produced with UHCS in wire or rod form. Specifically, we address the very high
strength and good ductility that can be produced in this materia when it is subjected to severe
plastic deformation during wire drawing or extrusion. The properties produced in these UHCSs
can be superior to those found in carbon steels and are important for commercia high strength
wire and rod applications including tire cord, bridge cable, wire rope, reinforcing bar, springs
and drill rod.

A good example of these improved properties is the ultrahigh strength obtained in high carbon
steel wire that isused in tires for automobiles and light trucks. This ultrahigh strength wireis the
primary component that defines the structural performance of the tire as well as its weight and
rolling resistance. The primary approach for increasing wire strength has been to increase
incrementally the carbon content used in high carbon steels for tire cord. Only limited work has
been done, however, on steel wire with carbon concentrations much above the eutectoid
composition (0.76%C). There are compelling reasons, nevertheless, for studying hypereutectoid
steels for high-strength wire applications. The potential for increasing the strength of wires used
astire cord is illustrated in Fig. 1, which shows wire strength as a function of carbon content.
The wire diameter (0.28 mm) and the amount of cold work is constant for all data points given as
solid circles. The UHCSs are projected to have wire strengths in excess of 4000 MPa. These
ultrahigh strength UHCS wires are expected to be significantly stronger than the 3400 MPa wire
currently used in premium tires. At 1.8% C, the UHCS wires are projected to have a strength
approaching 6000 M Pa.
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Processing

Genera observations

Achieving high strength and good ductility in UHCS requires breaking up the deleterious pro-
eutectoid carbide network and developing ultra-fine carbides in spherica or pearlitic form. The
formation of this pro-eutectoid carbide network can be influenced by composition, control over
phase transformations and thermo-mechanical processing. Ochiai and his co-workers [7-10]
have investigated the influence of composition and cooling rate during patenting on the formation
of a proeutectoid carbide network. Patenting involves rapid heating to austenite followed by
rapid transformation to a fully pearlitic structure. Alloying additions that were found to inhibit
the formation of anetwork include Si and Co. In the cooling rate studies, the tendency to form a
proeutectoid carbide network was studied in a0.2Si-0.5Mn steel as a function of carbon content
and cooling rate. The results are shown in Fig. 2. Higher cooling rates tend to suppress the
formation of a network. In addition, as the carbon concentration in a hypereutectoid stedl is
increased, faster cooling rates are required to obtain pearlitic structures without a network. In
this study, most of the cooling rates were achieved by lead patenting. The authors concluded that
hypereutectoid steels with carbon content up to 1.10% could be patented to obtain a network-free
microstructure using commercially-available cooling equipment which can achieve cooling rates
of 10-15°C/s.
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Fig. 2. Effect of cooling rate on the formation of a achieving desired microstructures and
proeutectoid carbide network in hypereutectoid steels. ~ properties in |aboratory experiments,

they may not be readily amenable to
current mass production processing of ultrahigh carbon steels. This is because the mechanica
working at low temperatures (700 to 850°C), as required in DETWAD processing, is a drastic
change in current production procedures. Recent studies by the authors have shown that
network free microstructures can be produced in UHCS by a single-step extrusion process. The
extrusion experiments were conducted at the extrusion facility at NASA-Lewis, Cleveland, Ohio.
The results of these studies are presented here.

Studies on as-extruded UHCS

Four different composition UHCSs were studied and their compositions are given in Table 1.
All four UHCS materials were initially processed to produce a spheroidized microstructure. The



materials were then hot extruded at a high rate in air through anominal 16:1 reduction ratio using
round dies at 900, 1025 and 1150°C. The average strain rate during extrusion was 0.7 s*. The
air cooled as-extruded alloys had microstuctures consisting mainly of pearlite. In genera, the
true interlamellar spacing of the pearlite (minimum spacing observed) decreased with an increase
in the temperature of extrusion. Thisis probably associated with the larger amount of carbon in
solution in austenite prior to transformation with an increase in the austenite extrusion
temperature. In addition to pearlite, three other microstructural features are important to note -
graphite, carbide networks and spherical carbides. These features were influenced by both the
temperature of extrusion and the compostion of the steel. At the lowest temperature of
extrusion, some graphite was created by the deformation process, typicaly as fine longitudina
stringers,; this limited graphitization was only observed in the chromium-free UHCS materials.
At the highest temperature of extrusion, carbide networks at prior austenite grain boundaries
were observed in the highest carbon content materid (1.8%C). In addition, spherical carbides
that remained undissolved at the extrusion temperature (particularly at 900 and 1025°C) remained
as spherical carbides during extrusion and subsequent air cooling.

Table 1: Chemical composition of UHCS materials examined
in high rate extrusion studies

Designation Composition
UHCS-119 1.30C, 0.5Si, 0.5Mn, Balance Fe
UHCS-159 1.23C, 1.2Si, 0.5Mn, Balance Fe
UHCS-150 1.15C, 1.6Al, 0.5Mn, Balance Fe
UHCS-180 1.80C, 1.6Al, 0.5Mn, 1.5Cr, Balance Fe.

The influence of composition on the microstructure of UHCS after extrusion a 1150°C is
illustrated with the SEM micrographs shown in Fig. 3. The compositions of the aloys are
shown below the individual micrographs. The three compositions contain about the same
amount of carbon (1.15 to 1.3% carbon), with duminum or slicon as the principa alloy
additions. The three UHCS materials contain no chromium. All compositions show the
presence of pearlite. The interlamelar spacing in pearlite is seen to be the smallest in the
aluminum containing material (Fig. 3a). With the silicon-containing UHCSs, the interlamellar
spacing is seen to increase with an increase in slicon content (Figs. 3b and 3c). Carbide
network formation at prior austenite grain boundaries was observed in the auminum-containing
UHCS (Fig 3a), whereas virtually no carbide network was noted in the silicon-containing
UHCSs. The auminum-containing UHCS shows the presence of a discontinuous network of
carbides. The obvious conclusion here is that silicon in solution at grain boundaries is more
effective than aluminum in inhibiting carbide network formation.

The two potentialy detrimental microstructural festures developed during the processing of
UHCSs are proeutectoid carbide networks and graphite. A thorough, although qualitative, study
was made to identify the influenced of extrusion temperature and composition on the formation
of these microstructural features. The results are graphically depicted in Fig. 4. Here, the
ordinate illustrates the degree of carbide network formation and the abscissa illustrates the degree
of graphitization. A number system was used from 1 to 5, with 1 representing the most desired
condition (no network and no graphitization). The structural condition for al numbers are
described in Fig. 4. Conditions that lead to numbers 1 and 2 were considered to be excdlent
microstructures, and the shaded areain Fig. 4 revealsthat five of the twelve samples reached the



desired condition. These included the 1.8C-1.6 Al UHCS, and the two silicon-containing
UHCS materials. The degree of graphitization increased in the order of 1.6% Al, 0.5% Si and
1.2% S, but only at the lowest temperature of extrusion. Figure 4 also revealsthat the degree of
carbide network formation increased with the amount of carbon, and with an increase in
temperature of extrusion. Silicon appeared to be a more favorable addition for avoiding carbide
network formation than aluminum , with the 1.2% Si addition being more favorable than the
0.5% Si. Interestingly, these alloying additions have an opposite effect on graphitization, that is,

Al ismore effective in inhibiting graphitization than Si.

Fig. 3. SEM micrographs showing the influence of composition on the microstructure of
UHCS after extrusion at 1150°C.
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Carbide Network Description
1. No grain boundary carbides.

2. Discontinuous spherical carbide at
prior austenite boundaries.

3. Some discontinuous stringered
carbides at prior austenite boundaries.
4. Discontinuous stringered carbides at
most prior austenite boundaries.

5. Fully continuous carbide network.

Graphitization Description
1. No graphitization.

2. Occasional spherical graphite .
3. Occasional graphite stringers.
4. Many graphite stringers.

5. Strongly graphitized, in stringer
form, surrounded by carbon-free
ferrite (similar to that observed in
ductile iron)

ree of

graphitization in the four composition UHCSs that were extruded at 900, 1025 and 1100°C.



Properties and Strengthening M echanisms

Strengthening of rod and plates by thermo-mechanical processing

Previous studies of eutectoid and hypereutectoid steels [4, 19] with pearlitic microstructures have
shown that the yield strength is derived from hardening contributions associated with pearlite
colony size, interlamellar carbide spacing and solute additions. The pearlite colony size and the
interlamellar carbide spacing represent the dimensions of microstructural features that impose
barriers to didocation motion. Similarly in a steel with spheroidized microstructures, these
microstructural features are ferrite grain size and intercarbide spacing [3]. These strengthening
mechanisms contribute to the yield strength in an additive manner and, for eutectoid and
hypereutectoid steels, the following equation has been derived

0, = (0,)s + 145(D )¥2 + 460L Y (1)

where g, is the yield strength, (0,) is the resistance to dislocation motion resulting from solid
solution atoms, (D )™ isthe carbide spacing (interlamellar spacing or particle spacing) and L is
the ferrite grain size or pearlite colony size. The paper by Taeff et al. in this volume [19]
provides additional detail into the origins of this equation. The variation of yield strength with
(D2)** for two hest treated, pearlitic steels is shown in Fig. 5. As expected, 0, varies in a

linear manner with (D _)™?. The tensile properties of the as-extruded materials described above

were evaluated at room temperature and the yield strengths obtained have been added to the data
shown in Fig. 5. Aswith the heat treated materials shown in Fig. 5, the yield strength of the as-
extruded materials varies in a linear manner with (D )™, All UHCSs plotted in Fig. 5 show

the same variation of yield strength with interlamellar spacing, i.e., the opes of thelinesin

Fig. 5 are equal. The difference between the data sets is the value of the y-intercept, which
corresponds to the sum of the strengthening contributions from pearlite colony size and solid
solution effects. Based on the analysis discussed by Taleff et al. in reference [4], the Hyzak and
Bernstein data [20] has a (o,) value of 60 MPaand the Taleff et a. datahasa (o), value of 330
MPa These values of (0,), are close to the intercept values at infinite pearlite spacing in Fig. 5.
Thus, for the steels studied, significantly more strengthening is derived from solid solution
effectsthat the resistance to dislocation motion imposed by pearlite colony boundaries. The as-
extruded data in Fig. 5 suggests that the increase in strength from solid solution strengthening
with Si isless than but comparable to the increase in strength from Al.
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Strengthening of wires by severe cold drawing

A number of investigators have studied the increase in strength that results from cold drawing of
eutectoid and hypereutectoid steel wires[8, 21-25]. Most of these studies have reported strength
as afunction of wire diameter. Data from seven such materials are shown in Fig. 6. Five of
these materias are hypereutectoid composition wires and two of the materials are eutectoid
composition wire (piano wire and the data of Kim and Shemenski). The starting strength in al
these studies is derived from a fully pearlitic microstructure produced as a result of a patenting
treatment. The strengthening produced by these microstructures represents an important starting
point for the very high strengths typically observed in severely drawn wire. The influence of
cold wire drawing on the strength of hypereutectoid steels can be understood through further
analysis of the data in Fig. 6. The increase in strength resulting from cold wire drawing was
caculated as a function of drawing strain by subtracting the strength of the wire in the cold-
drawn condition from the strength in the patented condition. Results are shown in Fig. 7 for
three hypereutectoid steelswith similar compositions. These materials had different as-patented
strengths and different starting diameters. The results fall on a common curve suggesting that a
common mechanism is responsible for the increase in strength by wire drawing.
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Embury and Fisher [23] have studied microstructure development during cold drawing of a Fe-
93C-.2Si-.37Mn wire and have established the principal strengthening mechanisms.
Immediately after patenting the pearlitic colonies had randomly oriented plates. Drawing
produced considerable alignment of these pearlite plates and numerous fractured pearlite plates
were observed. In addition, disocation cells developed between the carbide plates during wire
drawing. With increasing drawing strain, these cells in the ferrite el ongated and their size normal
to the axis of wire drawing (A) decreased. Theyield strength of the wire was found to vary with
A according to a Hall-Petch like equation given as

o, =0, + kA (2)

where o, istheyield strength, g, isthe strength from all sources other than dislocation cells, and
k, is a constant. The strengthening in these severely drawn wires with stable sub-structures
resulted from the cell walls acting as barriers to dislocation motion.

The evolution of the dislocation substructure during cold drawing and the contribution of a stable
cellular structure to strengthening have been studied by Langford and Cohen [26] for pure iron.
In contrast to the work of Embury and Fisher, the yield strength was found to vary as an inverse
linear function of the didocation cdl size (A\™"). The dependence of flow stress on A™* was
theorized to result from the work of deformation required to generate the length of didocation
line necessary to produce the imposed deformation. A comparison of the Embury and Fisher
data on a Fe-.93C steel (which showed that strength varied as A™?) and the Langford and Cohen
data on pureiron (which showed that strength varied asA™) isshown in Fig. 8. Clearly different
dopes are appropriate for the two data sets, although thereis an overall continuity in the data for
the two investigations. It is important to note, however, that, in addition to the Fe-.93C alloy,
Embury and Fisher al'so studied a commercialy pure iron (Ferrovac E) and found that the yield
strength varied asA™2. Thus for pure iron there is a discrepancy between the experimental data
of Embury and Fisher, who observed that the yield strength varied as A2, and the data of
Langford and Cohen who observed that the yield strength varied as A™*.  Additional work is
needed to explain the difference between these two experimental findings.
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Fig. 8. Stress versus cdl size for drawn Fe-.93C (data of Embury and Fisher) and pure iron.
The pureiron data is from the two investigations (Embury and Fisher and Langford and Cohen).



Two observations relative to the strength levels shown in Fig. 8 are relevant to the various
mechanisms of strengthening. First, the initial (as heat treated) strength before wire drawing is
higher in the hypereutectoid stedl than in pure iron. Clearly this difference arises from the
strengthening effects of the carbide platesin the pearlitic steel. By analogy with the experimental
work of Taleff et a., one might expect that the strength of a pearlitic steel results from the sum of
strengthening contributions from different barriers to dislocation motion. Thus, for a severely
worked pearlitic sted,

+0

O-y = (0-0)$ t0 + o-(:eII (3)

pearlite colony

and o, represent the resistance to dislocation motion resulting from
solid solution addditions ((0,)s), pearlitic plate spacing (0 ;.), Pearlite colony size (0,,,,,) and
didocation cell size (Ocell). The(0,) Opeaiiter Ocolony tEFMS for hypereutectoid steels are given in
equation (1). The o, term is shown as a function of drawing strain in Fig. 7 (assuming in a
severely drawn wire that the yield strength equals the tensile strength). The data in Fig. 7
suggests that for severely drawn wire the cell size dominates the strength of the wire, and the
pearlite spacing and pearlite colony size are secondary contributors. Furthermore, this view
agrees with the continuous nature of the data shown in Fig. 7, which compares a pearlitic
structure wire with a totally ferritic structure wire. The o, data in Fig. 7 is for a single
composition hypereutectoid steel. It is informative to examine the strength increment due to
drawing for all the steels shown in Fig. 6. The results are shown in Fig. 9, which shows a good
correlation between the incremental increase in strength and the drawing strain. There is some
scatter in the data; the generd trend, however, is that steels with higher carbon content have
higher strength increments for a given amount of drawing strain.
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The second observation that can influence the strength levels in Figs. 6 and 8 is the size of the
initial cellsthat form. As noted by Embury and Fisher, who compared didocation substructures
produced in commerciadly pure iron and Fe-.93C (with both coarse and fine pearlite), the
presence of carbide plates produced asmaller initia cell size in the ferrite. In addition, reducing
the interlamellar spacing, reduced the initid cel size. Thus, by analogy, increasing the carbon
content for agiven platelet size will reduce the interlamellar spacing and thusthe initia cell size.

Comparison with other high strength fibers




The wire strengths described here (e.g., the 5000 MPawire strength shown in Fig. 1) represents
a very high vaue - exceeding 20% of the theoretical cohesive strength of steel. Figure 10
compares the strength of these highly drawn UHCS wires with the strength of bulk materials as
well as other fibers that are used as reinforcement in composite materials. The highly drawn
UHCS wires are significantly stronger than bulk metals used in structural applications but more
importantly the strength of these wires compares favorably with those of other reinforcing fibers
such as S-glass, Kevlar-49 and carbon fiber. The figure aso shows the cost of the reinforcing
fibers; UHCS wire (with an estimated as-processed cost of $.60/pound) is significantly less
expensive than other reinforcing fibers. Thus one can expect significant commercia applications
with the ultrahigh strength hypereutectoid steel wires described here.
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Fig. 10. Comparisons of strength and cost of UHCSwire with other bulk structural metals and
reinforcing fibers used in composite materials

Fracture

Previous work has established that the strength of high carbon and ultrahigh carbon steels is
limited by the fracture strength of the carbides. Suppressing fracture is necessary to obtain the
very high strengths projected in Fig. 1 for UHCS. Work by Lesuer, Syn and Sherby [27] has
established the influence of composition and microstructure on the fracture strength of the
carbides. SEM and TEM studies showed that failure in a spheroidized UHCS-1.8%C materid
initiates through tensile separation of carbide-carbide boundaries in the coarse carbide particles.
An example of a carbide particle that was fractured into two parts is shown in the TEM
photomicrograph presented in Fig. 11. Fractureisclearly at agrain boundary because both ends
of the crack meet a obvious triple points. Diffraction patterns identified that a large
mi sorientation existed between the two separated carbide grains. It was concluded that failure in
spheroidized hyper-eutectoid steelsis the result of a crack-nucleation dominated process which is
dependent on acritical fracture stress. The fracture strength for UHCS was shown to vary as the
inverse square root of the average coarse carbide particle size. The results indicate that fracture



of the composite occurs when acritical stressis reached which is solely afunction of the average
coarse spheroidized carbide particle size (typically found at ferrite matrix grain boundaries).

Fig. 11. TEM of a large carbide
particle fractured in a UHCS
1.8% during tensile testing.
Tenslle axis is indicated with
arrows.

Another important variable influencing the fracture strength of spheroidized hypereutectoid steels
isthe intrinsic fracture strength of the carbide. In detailed analyses of fracture data for various
hypereutectoid steels, Lesuer, Syn and Sherby [27] developed a fracture moddl based on the
concept that the ferrite matrix applies stress to the carbide particle and thus the stress in the ferrite
matrix isthe driving force for crack initiation a the grain boundaries within the coarse carbides.
The authors calculated the ferrite matrix fracture stress by averaging the ferrite stress using upper
and lower bound concepts. In order to fulfill the fracture mechanics requirement that the ferrite
matrix fracture strength must be zero at infinite carbide (crack) size, Lesuer e a. made the
discovery that the strength of the carbide was a function of composition of the hypereutectoid
steels studied. Thisdiscovery isgraphicaly illustrated in Fig. 12 where three groups are shown
according to composition differences. The unaloyed and low alloyed hypereutectoid steels show
higher values of carbide strength than the more extensively aloyed steels. It would appear that
elements that dissolve in the carbide decrease the grain boundary strength. Thus, it is postulated
that chromium and aluminum, which dissolve in iron carbide and distort the carbide lattice (or
form carbide of a different structure), decrease the grain boundary carbide strength. On the other
hand, silicon, which does not dissolve in the carbide, does not influence the grain boundary
carbide strength (material of Le Roy et al. [28]). Manganese is known to produce an M3C type
carbide, as does iron, and therefore may behave in a indistinguishable way from iron in
influencing the grain boundary strength.
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Summary and Concluding Remarks

This paper has reviewed the processing required to obtain high strength as well as the resulting
properties and strengthening mechanismsin wire and rod material. Important conclusions are as
follows.

* Vey high strengths are possible in hypereutectoid steel wire or rod. At 1.8% C,
hypereutectoid steel wires are projected to have a strength approaching 6000 M Pa.

» Achieving high strength requires eliminating the continuous carbide network that can form
during cooling from temperatures in the austenite phase field. In addition, graphitization
should be minimized or eliminated. The network can be broken up by thermo-mechanical
processing or suppressed from forming by aloying additions (such as Si or Co) or
transformation control using suitable cooling rates. Similarly, graphitization can be controlled
by composition and processing.

* Studies on as-extruded UHCS have shown that the degree of carbide network formation
increased with the amount of carbon, and with an increase in temperature of extrusion. Silicon
appears to be a more favorable addition for avoiding carbide network formation than
aluminum. For a1.8C-1.6 Al UHCS, and two silicon-containing UHCS materials extruded a
900°C, the degree of graphitization increased in the order of 1.6% Al, 0.5% S and 1.2% Si.

* The yidd dsrength in hypereutectoid steels has been shown to result from additive
strengthening contributions from solid solution additions, pearlite spacing, pearlite colony size
and didocation cdl size. For severely drawn wire, the strengthening due to didocation cells
can dominate the strength of the wire.

» Fracture was found to initiate through tensile separation of carbide-carbide boundaries in
coarse carbide particles. The fracture strength is afunction of the size of coarse carbides and of
composition.
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