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ABSTRACT developed at Stanford University and the Lawrence 
Uverq~ore National Laboratory to break up the carbide 
network -and. produce microstructures .containing fine 

%, .. 'I,, +21% carbon; have remlirkable stnrctural properties for.rZ:,:.. ;.:.:-. e q u l a x . ~ , b f e . ~ e ~ , g ~ - ~ ~ ~ . ~ d ~ ~ n W o r m l y  dWibut$o&ar~ i. 
bides. These'steels can poke& a'unique kkt of prope'r- . 

Ultrahigh carbon steels (UHCSs), which .contain 

- *  automotive applicadon wiuin'pmsseci to achieve fine' I 

ferrite gralns with fine spheroidized carbides. When 
processed for high room temperature ductili, UHCS can 

.have good tensile ductility but 'significantly higher 
strength than current automotive high strength steels. 
The material can also be made superplastic at interme- 
diate temperatures and exhibits excellent die fill capa- 
bllity. Furthermore, they can be made hard with high 
compression ductilw. In wire form it Is projected that 
UHCS can exhibit extremely high strengths (5000 MPa) 
for tire cord applications. Examples of stiuctural compo- 
nents that have been formed from finegrained spher- 
oidized UHCSs are illustrated. 

. 
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INTRODUCTION 

Ultrahighcarbon steels (UHCSs) are plain carbon 
steels with carbon content (1 to 2.1% carbon) beyond the 
eutectoid composition. These steels, which contain 
15-32 vol.% iron carblde, have historically been 
neglected by industry because of a belief that they are 
inherently brittle. The primary reason for this belief is 
that brittle proeutectoid carbide networks can be formed . 
along grain boundaries W appropriate processing proce- 
dures are not used. However, novel thermomechani&l 
processing and heat treatment techniques have been 
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ties, unavailable in othermaterials, that make them welt 
suited for stn~ctural applications [l]. Specifically, UHCSs 
can have high ambient-temperature strength, hardness 
and ductility, and excellent high-temperature formability 
via superplasticity. In this paper we describe the compo- 
sition and processing of this unique steel, as well as the 
resulting properties, characteristics and applications that 
are relevant to the automotive industry. 

-. 

COMPOSITION AND PROCESSING 

The UHCSs investigated so far contained 1 to 2.1 . 
wt.% C, and other alloying elements, such as, AI, Cr, Si, 
and Mn of varying contents. The AI is added to increase 
the A, transitioh temperature, the Cr to.prevent graphiti- 
zation, the Si to raise.the A, temperature and to inhibit 
particle catbide growth and the Mn to neutralize the dele- 
terious effects of sumr and phosphorus. 

Various thermomechanical and, heat treatment 
processes have been developed [2-8] to eliminate the 
proeutectoid carbide network and convert the coarse 
lamellar pearlitic- matrix In me starting material to fine 

'grained ferrite matrix w-h finely spheroldized carbides. ' 
The theirnomechanical and heat treatment processes 
employed include hot and warm working (HWW), 
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the austenite region where carbon is completely dis- 
solved in the austenite iron and then continuously 
worked by rolling or forging until the material Is cooled 
below the A, temperature. . The hot working in the 
austenite region refines-the austenite grain size and the 
subsequent warm working between the A, and A, tem- 
peratures allows the proeutectoid carbide to precipitate 
and grow discontinuously on the austenite grain bound- 
aries instead of forming a continuous network. The 
refined austenite matrix then transforms to pearlite when 
cooled to room temperature. The H W e d  microstruc- 
ture thus consists of the proeutectoid carbides broken 
down into spherodized proeutectoid carbide particles 
and a pearlite matrix. The Dl3l'process"converts the 
lamellar carbide in the pearlite matrix to spheroidized 
carbide. The pearlite structure is heated to a tempera- 
ture above the A, point, where it is thermodynamically 
unstable, and most of the catbide rapidly dissolves in 
Iron. The remaining undissolved carbfdes are finely dis- 
persed and become-spherical rapidly. The dissolved 
carbon.atoms are non-uniformly distributed, at least for a 
short whlle, in the reglons where the peariiic .carbfdes 
originally existed. During cooling, the undissohred car- 
bides and non-uniform distributiorr of catbon act as sites 
for nudeation and growth of carbides and results in a 
fine, unlform &!de dimbution with no pearlite formed. 

because the metallurgy of transformation is so dramati- 
cally different from that observed in low carbon steels. 
. An example of spheroidized microstructures and the 

corresponding room temperature stress-strain curves for 
a UHCS-1.8% G1.6% AI material is shown in Fig. 1. 
Micrograph (a) shows large femte grains (-3.5 prn grain 
size) and large carbides (average carbide size -about 1 
pm at grain boundaries and about 0.8 pm in the grain 
interiors). At the other extreme, micrograph (d) shows a 
very fine spheroidized structure that has a mean carbide * 

size at grain boundaries and a mean ferrite grain size of ' 
about 0.3 pm, with a mean carbide sue in grain interiors 
of 0.22 pm. The finest ,mJcrostructure shown in micro- 
graph (d) corresponds to the stress-strain curve (d) that 
has the highest yield strength (1470 MPa) but the lowest 
total elongation (2.2%). The coarsest structure (a) cor- 
responds to curve (a), which shows the lowest yield 
strength (780 MPa) but the highest total elongation 
(25%). Syn, lesuer and Sherby [lo] have showmthat 
the yield strength of the spheroidzed UHCS-1.8% G 
1.6%AI material is a unique function of the g d n  size and 
-grainhterior carbides, while the fracture strength is a 
unique function of the carbide particle size at grain, 
boundaries and the carbide strength Ill]. .Room tem- 
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spherical catbide formation and refining the ferrite grain . 
size. The concurrent deformation begins just above the 
pearlite - dissolution temperature and continues as the 
material cools through the A, temperature. Combination .. 
of these processes can produce submicron sized ferrite 
grains and spheroidzed carbides. 
. The spheroidzed carbide and equiaxed ferrite gmh . 

structure can be transformed to pearlite, bainite, or 
martensite in ultrafine StNcture form, or their combina- 

. tions through appropriate thermal or themmechanical 
pmssing methods for further strengthor other property 
advantages. 

ULTRAHIGH STRENGTH STEEL SHEET AND PLATE . 

500 :I I , 
. e  

PROPERTIES - Sheet steels bked  on ultrahigh- 
carbon contents represent a new &nd unique approach. 

. 

which is opposite to the current trend in steels. 
Specifically, over the last thirty years, the caMn content 0 5 10 15 20 25 

0 

in commercially available sheet steels has been 
decreasing 191: The ultralow-ca&mn steels that are cur- 
rently available have'been developed primarily for auto- ' 
motive sheet-stamping applications in whicfi high forma- . 
bility and weldabilii are of patzhnount Importance. 

Engineering strain (%) 

Rgure l. Micrographs of UHCS i d  wrrespondlng stress- 
strain curves. The UHCS has been pmcessed to various 
equiaxed ferrite grain sizes and spheroldired carbldes. 
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often required. UHCSs are a logical material substitution . nrain siz& develomd in these materials, elongation sin-'&^' 
for hlgh-strength sheet components that are strength lim- 
ited rather than stiffness limited. The primary driver for 
high-strength steels in automotive sheet applications is 
often weight reduction which results in enhanced perfor- 
mance and fuel econoq. 

In Fig. 2 the tensile true stress - true strain curve for 
UHCS processed for high ambient temperature ductility 
(coarsebfede grains and fine &ides at the grain b0u.M- 
arks) is compared with the tensile behavior of four steels 
suitable for automotive applications. The data for these 
four steels was obtained from reference 12. One of the 
steels in Fig. 2 is a,plain, low carbon steel with properties 
representative of steels currently used in cold &amping 

'operations. The remaining three"stee1s are dual phase 
steels with properties representative of the socalled high 
strength steels. As can be seen the UHCS has compa- 
rable tensile elongation to the other steels; however, it has 
significantly higher yield and flow stress. The formability of 
UHCS has not been evaluated; however, the high tensile 
ductility and high work hardening rate of this material, as 
shown in Fig: 2, suggests that, in the'appropriate 
microstructural kondtIon, UHCS kan have forming limits 
as good as the dual phase steels shown in the figum. 

Another important characteristic of.UHCS is that the 
material retains its high strength at typical tempering 
temwratures. This property is fmpbrtant for elevated 

- 
excess of 600% have been obtained in pldn-carbon 
UHCSs at warm-working temperatures [14,15]. For 
plaincarbon and dilute-alloyed UHCSs, the range of 
temperature and composition over which superplasticity 
has been observed is shown on the Fe-C phase diagram 
in Figure 3. Grain sizes evaluated were typically around 
2 pm. For the UHCS-composition range (1.0-2.1% C), 
superplasticity can be observed at temperatures from 
65O0G8OO0C. This temperature range extends above 
and below the A, transformation temperature and thus 
includes microstructures containing ferrite and carbides 
or austenite and carbides. .The carbides help maintain a 
fine-grained microstructursby pinning the grain bound- 
aries and retarding the grain-growth kinetics. In the 
austenite-plus-cabide region, the maximum temperature 
for superplasticity is defermined by grain growth kinetics 
and the loss of the fine-grained microstructure. Grain 
growth is rapid in the austenite-plus-carbide region 

. because much of the carbide that is present in the initial 
ferrite-plus-carbide structure is lost due to the high solu- . 
bllity of carbon in austenite. Superplastic behavior has 
a h  been achieved w.81 carbon contents ii excess of 
2.1% C (Fig. 3). These are the cast irons (2.1%-4.3% C) 
and hypereutectic irons (5.25% C) [16-191. For hyper- 
eutectic irons, the matrix is iron carbide with discontin- 
uous ferrite. The fine equiaxed.grains required for super- 

rials described here retain &eir strength at tempering 
temperatures because the ferrite-carbide. microstruc- 
tures are stable. ' 

- 
- 

- - SAESSOX - 
w/---* 

. Plain low 
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True strain 
Figure 2. Comparison of lhe tensile stress-strain behavior . 
of UHCS and four other.steels suitable for automotive , 

applications. The UHCS has been processed for high .. 
room temperature ductility. 
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For $dn-carf>on'UHCSs, the maximum strain kite for 
superplasticity is about lo4 s-l which is achieved just 
below the A, transformation temperature [lq. qls strain . 
rate can be increased dramatically through suitable 

1 -  
a + k C  I I  

I 1 I 1 1 1 I I  
.o 1 2 3 4 5 . 6 7  

Carbon (vi%) 

FIgure3. The Fe4 phase diagram showing the reglon of 
composition and tempemre within which superpIastIcity 
has been observed in UHCS. 

, 
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behavior) by raising the flow stress for slip creep. Higher 
superplasticdeformation temperatures are obtained with 
these alloying additions because they influence the char- 
acteristics and microstructure of UHCSs in at least one of 
four ways, by (a) incrssing the A, transformation tem- 
perature, (b) inhibiting ab ide  coarsening because the 
activity of carbon in ferrite is increased, (c) forming com- 
plex carbides that resist coarsening, and (d) increasing 
the amount of proeutectoid carbides. 

An exampfe of high strain rate superplasticity in 
UHCS containing high aluminum content is illustrated in 
Fig. 4 for UHCS containing 1.5% C and 10% AI. The 
figure shows a sample'before and after tensile deforma- 
tion at 950°C and a strain rate of.3xlO'* s:'. At this tern- 
perature the material was below the A, transforination 
temperature. The sample was stretched to an elongation 
of 1250% elongation Without failure, .which, at the strain 
rates indicated,' required approximately 6 minutes to 
achieve. These results show the excellent potential for 
these fine-grained materials in hIgh throughput commer- 
cial formhg operations. . ' 

, Figure 5 shows the maximum strain rate for super- 
plasticity as a function of temperature for four different 
UHCS alloys cdaining aluminum and silicun [21,23]. 
All materials have a common initial graln size of.2 ym. 
UHCSs contafnlna eMer 3% Si or 1.6% Al both ehlblt 

NET SHAPE PROCESSING - The superplastic 
forming characteristics described in the previous section 
result from the presence of grain boundary sliding as a 
deformation mechanism which exhibits high strain rate 
sensitivity with low flow stress. Forging at temperatures 
and strain rates where this mechanism is activated can 
thus produce excellent die fill capacity and the opportu- 
nity for net'shape processing. The excellent die fill 
CapacitL of these materials has been illustrated with the 
forging of prototype components which will be illustrated 
in a later section. 

PROPERTIES AFTERHEAT TREATMENT - When a 
UHCS is processed to daelop an ultrafine structure, it 
can then be heat treated to achieve unique microstruc- 
tures and properties. Exaniples are the development of 
unique martensitic, bainitic and pearlitic structures 
[2,8,24,25l. 

Figure 6 Illustrates coarse and'fine martensitic struc- 
tures in a UHCS material containing 1.8% C and 1.6%Al. . Figure 6a shows the structure of .the UHCS material 
after water quenching from 1000°C. At this austenkizing 
temperature, most of the carbides are dissolved and the 
austenite graln size is coarse. Thus, the quenched struc- 
ture is seen40 be coarse martensite. Such a coarse 
martensitic UHCS material, although very hard, does not 
have any .significant compression ductility at mom tem- 

I .  
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appears to be much more effective than silicon i n  raising 
the superplastic forming rate. The figure also shows the . 
predicted maximum superplastic-forming rate for a ' 
UHCS containing 12% AI with a grain size'of 2 um. This 
material should exhibit a maximum superplastic forming 
rate of 3 ~ 1 0 ' ~  s-l at 95OoC, which is close to dommerclal . 

perature-[24].%When a finhralned spheroldked strue.: , 
ture is achieved, such as that shown in Figure 1, and the 
material is heated to a low austenWng temperature 
(e.g. 810°C) and water quenched, the result is optically 
unresolvable martensite. An example of the fine marten- 
sitic microstructure obtained In the. UHCS-1.8% G1.6% 
AI material is given in Figure 6b. .The SEM micrograph is 

Figure 4. High rate superpiasticy in a UHCS-1BGIOAI 
alloy. The ffgure shows a sample before and after tensile 
deformation at 950°C and a straln rate of .03 s-1. The 
sample was stretched to an elongation of 1200% without 
fracture In approximately 6 minutes: . -  

Figure 5 The lnffuence of aluminum and SllIcon on the 
maximum strain rate for superiasttcity. The maximum 
strain rate at the A, temperature Is Indlcated by a solid 
circle. 
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Figure 6 (a) Optical photornlcrograph of UHCS-l.8% G1.6% AI showing coarse (100 pm) martensite needles, and (b) SEM of 
UHCS-ld% G1.6% AI showing fine (4 pm) martensitic structureivtth undissolved proeutectold Iron carbide partlcles. 

at a magnification that is one hundred and twenty times failure for UHCS as well as three i i e r  common auto- 
higher than for the optical photomicrograph of coarse motive steels - traditional mild steels, dual phase steels 
martensite (Figure Sa). The structure Is seen to be and HSLA steels. The figure shows that higher strength- 
ultrafi ne, with the martensite having a nondescript ductility combinations arq'possible with UHCS than with 
appearance and the background consisting of subml- the other steels. 
cron-slze spherical (undissolved) pro-eutectoid carbides. A major deficiency of unalloyed ultrafine grained 

Ultrafine martensite in a UHCS has remarkable UHCSs is that they have low hardenabilii [SI. This 4s 
compresslon properties [24,26]. Figure 7 compares ttie because grain boundaries are. sourc~s of nucleation of 
compression engineering stress-straln curve of a UHCS- bainlte and pearl'ite inhibitSng the formation of martensite. 

. a 1.25% C steel with a numberd .tungstenFalloys.' : 1 : It has been .shown;;.howeverd,that2dilute ;alloying:,,xq;r:. 
The result, is impressive: the fine. martensltlc UHCS is enhank the 'hardenabilii of 'fine-graIned'UHCSs [271:. ' 

comparable to WG12% Co in strength and has a cqn- The method of Grange [28] was used for determining.the 
siderably greater compression ductility. The UHCS hardenability and the results are reported in Table 1. It 
achieved an engineering strain in compression of 26% .. can be seen that the critical diameter is only 6.9 mm for 
with an engineering fracture stress of 4690 MPa 
(680 ksi). The curves also show that the UHCS 
absorbed large amounts of energy before fracture. This 
is an important characteristic for crashworthiness of 
structural members. 

The tensile properties of UHCS have also been eval- 
uated for different heat-treated conditions: bainitic, 
tempered martensitic, and fine pearlitic ' conditions. 
Examples are as follows. An ultimate tensile strength 

obtained for a fine bainitic structure in a UHCS-1.0% 
C-1.5% Cr material [8]. A UTS of 1400 MPa (190 ksi) 
with 25% elongation was obtained for a fine pearlitic 
structure in a UHCS-1.25% C-1.6% AI material. When 
an ultrafine pearlitic structure was developed, a UTS of 
1655 MPa (240 ksi) with 12% elongation was ob'tained 
for a UHCS-1.8% GI .6% AI material [25]. 

The range in tensile properties that can be obtained 
.with heat treatment of a finegkined UHCS with spher- 
oidized carbides is shown in Fig. 8. In this figure the 
tensile strength is plotted as a function of elongation to 

. 

. 
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(UTS) of 1810 MPa (262 ksi) with 18% elongation was - 2  c I 
- 1  E 
- m  

I 

' 

0 
0 4 8 12 16 20 24 28 

Engineering Strain (%) 

Figure 7. Engineering stressengineering strain curve for 
a finegrained martensitic structure UHCS-l.2!j% C mate- 
rial tested in compresslon at room temperature. 
Comparison is made with a number of tungsten carblde- 
cobait alloys [25] 
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FIgure 8. Tensile strength - ductility combinaff ons that are 
posslble with a fine-gralned UHCS containing spher- ' 

oidked carbid& after heat treatment Strength - ductility- 
properties for mild steels, dual phase steels and HSLA 
steels are also shown on the figure. 
a fine-grained plain carbon UHCS but can be increased to 
over 20 mm with dilute alloying additions of Mn, Cr and AI. 

APPLlCATlONS - For forgwulk rolled components, 
'the primary characteristics of UHCSs are wear resis- 
tance, and their potential for net-shape processing (via 
superplasticfty). The latter characteristic can minimize 
machining and welding steps and .the amount of scrap 
material produced. UHCSs are excellent materials for 
wear resistant components wheie high fracture toughness 
~snotreauired.~naddedadvantaseofusingafinesialned 

. 

...(. .UHCS Is .that the cartxrrjzmg..&p .norpd~ ,requlmci to . -: 
harden the surtace<d &@&* kYefiminated.'.fz'.:.l:--:+: 

Numerous components have been forged from UHCS 
for technology development and demonstration. Some 
of these components have been forged in a strain rate 
and temperature regime where superplasticity (high 
strain rate sensitivii) is observed. Other components 
.have been forged at higher straln rates and lower tem- 
peratures where low strain rate sensitivities .are . 
observed. Examples are shown in Figures 9 and 10. All 
components were formed in one operation. Figure 9 
shows a ring component that was formed under super- 
plastic conditions from a UHCS-9.3% Ak1.25% C alloy 

-.* ' 
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Figure 9. 'Wo fine-gralned UHCS components that were 
forged in one operation in air. The ring, which Is approxi- 
mately 25 cm in diameter, was superplastically formed in 
five minutes at 950°C (wurtesy of B. Walser, Sulzer 
Brothers, Wnterthur, SwItzerland). The gear was forged at 
650°C at conventional forming rates (courtesy of Robert 
O'Shea, International Harvester). 

[29] and a bevel .gear that was formed under non- 
superplastic .conditions from a UHCS-1.25% C alloy. 
Both components were formed in air. It is Important to 
note that the ring component was formed at a tempera- 
ture and strain rate (WoC and 10'3 s-l) where -the 
material had a high strain rate sensitivity, whereas the 
gear was foFged at a ternpetatwe and strain rate (650°C 
and 10 s-l) .where the material had a low strain rate 
sensitivity. Both qmponents were formed dose to net 

.d s h w ,  and illustrate the excellent die fill chhcteristics of ... . ...._ ..; ; . . , ' . . r l : , :&, .* .L I ' . . ~  "fine-grained4JHCSs.' : 
Two additional components that were formed at .con-, ' 

ventional forging rates (10 s-l) are shown in Figs.. lO(a) sk 

and (b). The UHCS used for both components contained 
1.25% C and 1.6% AI. The back-extruded tube and. 
trunion were shaped at conventional forming rates . 
(-10 s-l) and illustrate the high formability of finegrained 
UHCS at high (non-superplastic) strain .rates. The tube 
(Fig. lO(a)) was formed at 750°C and the trunion 
(Fig. lO(b)) was formed at 700°C. The height reduction 
for the trunion was approximately 4 to 1. Two compo- 
nents forged under superplastic conditions are shown in 

Table 1. Hardenability of ultrahIghca&on steels as a function of alloying additions 

Material 
Composltion 

Austenizing Critical brine 
temperature temperature T'CC) Critical cylinder 

A,+!jO°C to achieve R,-62 diameter D, (mm) 

Fe-l.25%C-0.5%Mn 
Fe-l25%C-0.5%Mn-0.2%P 
Fe-l25%C-0.5%Mn-l .O%Cr-O25%Mo 
Fe-l.25%C-0.5%Mn-1.4%Cr-3.O%Si 
Fe-l.25%C-0.5%Mn-1.5%Cr-1.6%AI ' 

Fe-l.25%C-2.O%Mn-l .O%Cr 

773 
795 
790 
860 
825 
790 

66 
72 
73 
78 
93 

>loo 

6.9 
10.9 
11.4 
15.5 
22.4 
>23.1 
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Sherby, 0. D., et al., "Ultra High Carbon Steels" 
Journal of Metals fJOM) 37.June (1985): 50-56. 

2. abiy with those of other reinforcing fibers such as 
S-glass, Kevlar-49 and carbon fiber. The figure also 
shows the cost of the reinforcing fibers; UHCS wire (with 
an estimated as-processed cost of $.6O/pound) is signif- 
icantly less e,xpensive than other reinforcing fibers. 

APPLICATIONS - As discussed above the ultrahigh 
strength wires produced from UHCS could be used in tire 
cord with significant increases in strength over current 
tire cord steels. These new materials could reduce the 
weight and rolling resistance of tires, which can result in 
significant increases in overall vehicle fuel economy. 
The annual energy savings in the United States resulting 
from a wire strength of 4700 MPa (compared to a wire 
strength of 3400 MPa) is estimated at 520 million gallons .. 
of gasoline per year. Fuel efficient tires that result from 
higher strength tire cord can have a significant impact on 

' the goals of the Partnership for a .New Generation 
Vehicle, since 7.1% of the energy consumed in highway 
driving (4.2% for city driving) is lost to rolling resistance 
In the tires. In addition to tire cord, the higher strength 
wires resulting from UHCS could find automotive 
application in high strength hydraulic hose and fan belts. 

CONCLUDING REMARKS 
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Ultrahigh carbon steels can have remarlddl; struc- 
. .  9 tural , properfles when processed to. ~ break,.yp the .. . . 

pmhecold carbide * network and achleve 'fine ferrite.-'. ' 
grains with fine spheroidzed carbides. These materials 
can find application as an ultra-high strength steel for 
sheet and plate applications. When processed for high 
room temperature ductility, UHCS can have a tensile 
ductility comparable to automotive high strength steels 
and plain, low carbon steels but significantly higher 
strength. It can also be made superplastic at interme- 
diate temperatures and has demonstrated excellent die 
filling capability on a number of components during 
forging trials at intermediate temperatures. Furthermore, 
UHCS can be made hard with excellent compressive 
ductility and energy absorbing capability. The 'material 
also has unparalleled potential as ultra-high strength 
steel wire. A tensile strength of 5000 MPa has been pre- 
dicted for UHCS-1.8C. This material should find applica- 
tion for the reinforcing cord in an energy-efficient tire. 
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