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Two ultrahigh carbon steel (UHCS) alloys containing 1.5 and 1.8 wt pct carbon, respectively, were 
studied. These materials were processed into fully spheroidized microstructures and were then given 
heat treatments to form pearlite. The mechanical properties of the heat-treated materials were eval- 
uated by tension tests at room temperature. Use of the hypereutectoid austenite-cementite to pearlite 
transformation enabled achievement of pearlitic microstructures with various interlamellar spacings. 
The yield strengths of the pearlitic steels are found to correlate with a predictive relation based on 
interlamellar spacing and pearlite colony size. Decreasing the pearlite interlamellar spacing increases 
the yield strength and the ultimate strength and decreases the tensile ductility. It is shown that solid 
solution alloying strongly influences the strength of pearlitic steels. 

I. INTRODUCTION 

ULTRAHIGH carbon steels (UHCS), which are hyper- 
eutectoid steels, have been a topic of much interest for their 
unique mechanical properties. Particularly of recent interest 
are the high strengths which UHCS materials exhibit. A 
majority of the studies conceming room-temperature 
strength in UHCS alloys have concentrated on fully spher- 
oidized microstructures, v,2] Another microstructural condi- 
tion yielding interesting mechanical properties at room 
temperature is pearlite, which can be formed by heat treat- 
ment from a spheroidized microstructure. Because UHCS 
materials tie in the hypereutectoid region of  the Fe-C phase 
diagram, the pearlite transformation is different from that 
in hypoeutectoid steels. In austenitizing unalloyed UHCS, 
the amount of carbon dissolved in austenite can be varied 
from the eutectoid composition of 0.77 wt pet at the A~ 
temperature to a maximum of 2.1 wt pet at the Acre tem- 
perature at the E point (the point of maximum solubility of 
carbon in anstenite). Upon air cooling of UHCS below the 
A~ temperature, anstenite with dissolved carbon is con- 
verted into pearlite. As the amount of carbon dissolved in 
anstenite is increased, fewer cementite particles will be re- 
mined from the original spheroidized microstructure and 
their sizes will be smaller. An increase in the amount of 
carbon dissolved in austenite prior to transformation will 
result in a decrease in the interlamellar spacing of the trans- 
formed pearlite. In austenite at or below the A~ transfor- 
mation temperature, an increase in dissolved carbon 
increases the driving force for pearlite formation, resulting 
in a decrease of the interlamellar spacing for nucleated 
pearlite. This process also allows for the creation of various 
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ratios of spheroidized carbide to lamellar pearlitic carbide 
from an initially spheroidized microstructure. 

The two alloys studied contain 1.5 wt pet C (UHCS- 
1.5C) and 1.8 wt pet C (UHCS-1.8C). Each alloy also con- 
tains 1.6 wt pct A1, 1.5 wt pct Cr, and 0.5 wt pct Mn. The 
addition of Mn minimizes the deleterious effects of sulfur 
and phosphorus. The addition of Cr helps to prevent graph- 
itization and stabilizes the carbides, making coarsening 
more difficult. The addition of A1 inhibits the formation of 
a hypereutectoid carbide network and stabilizes the ferrite 
phase. The addition of 1.6 wt pet A1 raises the A~ transfor- 
mation temperature from 727 ~ to approximately 780 ~ 
Figure 1 shows an approximation of the Fe-C phase dia- 
gram for alloys containing 1.6 wt pct A1, 1.5 wt pct Cr, 
and 0.5 wt pct Mn.t31 The two UHCS alloys of this study 
are denoted in Figure 1 by vertical lines at their respective 
carbon contents. 

II. EXPERIMENTAL PROCEDURE 

Each of the two UHCS materials was cast into an ingot 
and then hot-forged into bars of 51 • 51 mm cross section. 
Sections of  5 l-ram length were cut from each bar and proc- 
essed by hot-and-warm working (HWW) into plates for 
making tensile samples. The HWW processing involves 
rolling the material from above the Ac,, temperature until it 
reaches the A 1 temperature. This processing procedure sub- 
stantially refines the microstructure. The UHCS-1.8C ma- 
terial was subsequently given a divorced-eutectoid 
transformation (DET) in order to fully spheroidize the mi- 
crostructure. The DET involves heating just above the AI 
temperature and air cooling.t4] The UHCS-1.5C material 
was given a DET with associated deformation (DETWAD) 
treatment in order to create a spheroidized microstructure. 
The DETWAD involves heating slightly above the AL tem- 
perature, as in a DET, and rolling while cooling.t4] The 
results for both materials were fine, spheroidized carbide 
microstructures. 

The processed plates of each material were machined 
into tensile coupons with gage lengths of 25.4 nun. Ma- 
chined samples were sealed in stainless-steel bags for heat 
treatment. Powders of titanium were inserted into each bag 
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Fig. 1--An approximate phase diagram of the Fe-C system for alloys 
containing 1.6 wt pct A1, 1.5 wt pct Cr, and 0.5 wt pct Mn. t31 Open circles 
represent austenitizing temperatures selected in this study. 

in order to absorb oxygen during heating and to prevent 
oxidation of the samples. Samples were austenitized for 20 
to 30 minutes at temperatures between the A~ and Acre tem- 
peratures. Each sample was air cooled after austenitizing in 
order to form pearlite. Samples of UHCS-1.5C were aus- 
tenitized at temperatures of 810 ~ 840 ~ 870 ~ 900 
~ 930 ~ and 960 ~ Samples of UHCS-1.8C were aus- 
tenitized at temperatures of 810 ~ 840 ~ 870 ~ 900 
~ 930 ~ 960 ~ and 990 ~ The austenitizing temper- 
atures for each material are indicated by open circles in the 
approximated phase diagram of Figure 1. The samples were 
tested in tension to failure, and strain was measured by an 
extensometer. After failure, microscopy samples were taken 
from the undeformed grip region of specimens from each 
heat treatment. Microscopy samples were etched with nital, 
given a conductive coating, and analyzed in a scanning 
electron microscope (SEM). 

I lL RESULTS 

The microstructures resulting from each heat treatment 
in the UHCS-1.5C material are shown in Figure 2. Figures 
2(a) through (1) show the effects of progressively higher 
austenitizing temperatures, from 810 ~ for Figure 2(a) to 
960 ~ for Figure 2(t). These microstructures show an in- 
crease in the amount of pearlitic carbide and a decrease in 
the amount of spheroidized carbide with increasing austen- 
itizing temperature. After austenitizing at 810 ~ and air 
cooling, the microstructure is almost completely spheroid- 
ized because of  the DET process (Figure 2(a)), and after 
austenitizing at 960 ~ and air cooling, the microstructure 

is nearly all pearlite (Figure 2(1)). As the quantity of pear- 
litic carbide increases in comparison with spheroidized car- 
bide, the pearlite interlamellar spacing decreases 
significantly. Because some spheroidized carbides remain 
undissolved during all austenitizing treatments below the 
Acm line, grain growth is inhibited and a fine pearlite colony 
size is obtained after transformation. The microstructures 
resulting from each heat treatment of UHCS-1.8C are 
shown in Figure 3. Figure 3(a) shows the DET microstruc- 
ture. Figures 3(b) through (h) show the transformed mi- 
crostructures from austenitizing treatments at 810 ~ 
(Figure 3(b)) through 990 ~ (Figure 3(h)). The same trends 
observed in UHCS-1.5C are observed for the UHCS-1.8C 
material. The UHCS-1.8C material is fully spheroidized af- 
ter the 810 ~ heat treatment (Figure 3(b)) because of the 
DET process. After austenitizing at 990 ~ the microstruc- 
ture is fully pearlitic with extremely fine interlamellar spac- 
ings (Figure 3(h)). The pearlite interlamellar spacings of 
each heat treatment for the UHCS-1.5C and UHCS-1.tC 
materials were measured from the finest observable inter- 
lamellar spacing under the SEM and are given in Table I. 
The pearlite colony sizes are also listed in Table I. For these 
two UHCS alloys, the pearlite colony size is considered 
effectively the same as the prior austenite grain size. The 
relationship between pearlite interlamellar spacing, A, and 
austenitizing temperature is shown in Figure 4. Of note is 
the sharp initial drop in interlamellar spacing with increas- 
ing austenitizing temperature until fine spacings of  less than 
0.1 /xm are reached. 

Data from tensile tests of the heat-treated UHCS-1.5C 
samples are given in Figure 5 as a plot of  engineering stress 
vs  engineering strain. Of note is the maximum ductility of 
15 pct obtained for the sample austenitized at 840 ~ Also 
of note are the very high yield and ultimate tensile strengths 
observed, with yield strengths of over 1000 MPa for the 
samples austenitized at 930 ~ and 960 ~ Data from ten- 
sile tests of the heat-treated UHCS-1.8C samples are given 
in Figure 6 as a plot of engineering stress vs  engineering 
strain. These data show a maximum ductility of between 
13 and 14 pct for the samples austenitized at 810 ~ and 
840 ~ Remarkably high yield strengths of 1200 MPa are 
observed for the samples austenitized at 960 ~ and 990 
~ Very high ultimate strengths are observed for both the 
UHCS-1.5C and UHCS-1.8C materials and are limited by 
fracture to a maximum value of 1600 MPa for the case of 
the sample austenitized at 990 ~ 

IV. DISCUSSION 

Yield strength was found to correlate well with the in- 
verse square root of interlamellar spacing, A. Figure 7 
shows this good correlation on a plot of yield strength vs  

inverse square root of interlamellar spacing for both the 
UHCS-1.5C and UHCS-1.8C materials. The observed re- 
lationship has been used in other studies to describe pearlite 
strength and follows a Hall-Petch type relation, given as 

o-y = o- o + ky A -1/2 [1] 

where o-y is the yield stress, o- 0 is the friction stress, ky is a 
material constant, and A is the interlamellar spacing. Data 
from Hyzak and Bernstein and from Gladman e t  al. on 
eutectoid steels also show strengths which vary linearly 

112--VOLUME 27A, JANUARY 1996 METALLURGICAL AND MATERIALS TRANSACTIONS A 



(a) 
(d) 

(b) 
(e) 

(c) 
05 

Fig. 2--SEM photomicrographs of the UHCS-I.5C samples transformed to pearlite after austenitizing at (a) 810 ~ (b) 840 ~ (c) 870 ~ (d) 900 ~ 
(e) 930 ~ and (J) 960 ~ 

with the inverse square root of interlamellar spacing, as 
shown in Figure 7. tS,rt The data of Hyzak and Bernstein and 
of Gladman et al. show lower strengths than the UHCS 
materials of the present study. These differences in strength 
are strongly related to differences in solid solution content 
of the steels and will be discussed in detail later. An ad- 
ditional variable not considered in the analysis of data in 
Figure 7 is the pearlite colony size, which will also be dis- 
cussed in detail later. 

A comparison was made of the yield strengths of the 
pearlitic UHCS materials investigated here with earlier 
studies on the spheroidized UHCS materials. In an earlier 
study on spheroidized steels, the Hall-Petch relation was 
used to predict yield strength.t21 The prediction for yield 
strength was based on ferrite grain size, L, and interparticle 
spacing of carbide particles, D*, as barriers for dislocation 
motion. The predictive phenomenological relation derived 
from these dependencies is given as 
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(c) (d) 
Fig. 3--SEM photomicrographs of  the UHCS-1.8C samples transformed from the (a) DET structure to pearlite after austenitizing at (b) 810 ~ (c) 840 
~ (d) 870 ~ (Parts e-f, cont. on next page) 

o'y =-- 3 1 0 ( O : )  -1/2 q- 4 6 0 L  -t/2 [2] 

where lengths are in units of micrometers, and stress is in 
units of megapascals. In Eq. [2], the first term (310(D*)-t/2) 
is considered to be related to the friction stress in the Hall- 
Petch relation, and the second term (460 L -vz) is related to 
the grain size term. In order to relate the microstructural 
parameters L and D* to pearlitic microstructures, corre- 
sponding parameters were considered. The grain size, L, for 
a spheroidized microstructure is most logically correlated 
with the pearlite colony size in a pearlitic microstructure. 
The interparticle spacing, D*, in a spheroidized microstruc- 
ture should correspond to the average dislocation barrier 
spacing involving carbides in a pearlitic microstructure. As 
carbide lamella are the most obvious barriers to disloca- 
tions, the pearlite interlamellar spacing, A, should relate to 
D*. The average glide distance for a dislocation, however, 
is not equal to A, as measured by the finest observable in- 
terlamellar spacing. This is because calculation of D* from 
the measured value of A in a pearlitic microstructure re- 
quires knowledge of the slip directions in the ferrite matrix 
between carbide lamella. 

The slip directions in body-centered cubic metals are nor- 
mally along the (111) directions: 7a If the habit plane of 
carbide platelets in ferrite is known, then the length along 
the slip direction between carbide platelets can be calcu- 
lated from A to give D,*. Three dominant orientation rela- 

tionships have been observed between ferrite and carbide 
lamella in pearlitic steels of eutectoid composition, tS~ These 
three orientation relationships between habit planes aretS-~41 

(001)J/(112): (Bagaryatsky) 
(103)c//(011): (Isaichev) 
(101)c//(215): (Pitsch-Petch) 

where the subscript of c denotes carbide orientation and the 
subscript of f denotes ferrite orientation. The angle between 
the normal of each habit plane and each of the (111) slip 
directions in ferrite, q~, was calculated as shown schemati- 
cally in Figure 8. For each orientation relation, the angles 
of all slip directions which intersect the habit plane were 
calculated. The average of angle ~b was then found by giv- 
ing equal weight to each slip direction. The average angle 
from the normal to the habit plane, qb, can be used to find 
the average slip distance between carbide platelets from the 
relation 

D: = A/cos r 

The Bagaryatsky orientation relation gives an average value 
for r of 47.7 deg, while the Isaichev and Pitsch-Petch 
orientation relationships give values of 56.6 and 35.3 deg, 
respectively. It should be noted that the measured values of 
these orientation relations are generally within only a few 
degrees of those quoted earlier.t8~ For example, Zhou and 
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Fig. 3 (cont)--(e) 900 ~ (/') 930 ~ (g) 960 ~ and (h) 990 ~ 

Shiflet found the measured values of the Bagaryatsky ori- 
entation relation to be always 3.8 deg from the ideal ori- 
entation given previously, a deviation which was attributed 
to misfit strain.t81 For this reason, �9 should be taken as 
accurate to within no more than approximately 5 deg. As- 
suming that each of the three orientation relations is of 
equal importance gives an average value of �9 = 45 deg. 
Using this value yields the following relation for calculating 
D* from the measured pearlite interlamellar spacing, A: 

D; = ~/2A [31 

Using this relationship for D*, and values for L equal to 
the measured pearlite colony sizes, yield strengths were 
predicted using Eq. [2]. The predicted (Eq. [2]) and ob- 
served yield strengths from microstmctures in which pearl- 
ite interlamellar spacings and colony sizes were measured 
are shown in Figure 9, which is a plot of measured yield 
strength us predicted yield strength. Data and calculations 
used in this figure for the pearlitic UHCS materials are 
given in Table I. The data show a remarkably good fit to 
the predictive equation (Eq. [2]) using the same precon- 
stants deduced from data for spheroidized hypereutectoid 
steels. Also shown in Figure 9 are data for a spheroidized 
steel of the same composition as the UHCS-1.8C in the 
present investigationY~ Remarkably, both spheroidized and 
pearlitic microstructures fit the predictions of Eq. [2]. 

The predictive aspect of Eq. [2] does not explain the 
large strength differential between the eutectoid composi- 

(h) 

tion steels of other studies and the present hypereutectoid 
composition steels in the pearlitic condition (Figure 7). 
These differences are explained by taking into account the 
contributions of the term from Eq. [2] containing L and of 
solid solution alloying on the strength of pearlitic and 
spheroidized carbon steels. Thus, an additional term for Eq. 
[2] is proposed, (tr0)s,, the contribution from solid solution 
strengthening, which will be a constant for any given alloy 
composition. Equation [2] now takes the form 

% = (Cro),s + A(D*~) -L/2 + B L  -'/2 [4] 

where A and B are constants to be determined from avail- 
able data. While (o-0)s, is a constant for only a particular 
alloy or group of alloys, the constants A and B should hold 
for any eutectoid or hypereutectoid steel in either spheroid- 
ized or pearlitic condition. 

In order to determine the constant B of Eq. [4], it is 
necessary to plot yield stresses at a constant value of D* 
against L -1/z and to determine the slope of the data. Data 
with a constant value of D* are available from Syn e t  aL,t21 

who made such a plot (Syn e t  al . ,  Figure 8) and determined 
that B = 460, which is also valid for Eq. [2]. In order to 
determine the constant A of Eq. [4], it is necessary to plot 
(% - 460L -'/2) vs ( D * )  -~/z and to measure the slope of the 
data. Such a plot is given in Figure 10, where A is the slope 
measured from data on the yield strengths of several com- 
positional groups with peartitic or spberoidized microstruc- 
tures. The single value of slope selected was determined 
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Table I. The Finest Measured Pearlite Interlamellar Spacing (A), Pearlite Colony Size (L), Measured Yield Strength (~r~), 
Inverse Square Root of Interlamellar Spacing (A-VZ), and D* Values for Each UHCS Material and Soaking Temperature (T) 

(The Standard Deviations Calculated from Microstruetural Measurements Are Given) 

T A L Cry A -1/2 D* 
Material (~ (/zm) (/~m) (MPa) (/xm-~/2) (/xm) 

UHCS-1.5C 840 0.18 +__ 0.02 2.2 _+ 0.2 864 2.36 0.25 
UHCS-1.5C 870 0.18 + 0.04 2.6 +-_ 0.2 889 2.36 0.25 
UHCS-1.5C 900 0.13 + 0.01 2.7 - 0.4 950 2.77 0.18 
UHCS-1.5C 930 0.11 + 0.01 2.8 --- 0.4 1038 3.02 0.16 
UHCS-1.5C 960 0.09 _ 0.01 3.6 --_ 0.6 1038 3.33 0.13 
UHCS-1.8C 840 0.25 + 0.05 2,2 + 0.4 800 2.00 0.35 
UHCS-1.8C 870 0.19 +_ 0.04 2.2 _+ 0.2 934 2.29 0.27 
UHCS-I.8C 900 0.11 + 0.01 2.6 _+ 0.6 957 3.02 0.16 
UHCS-1.8C 930 0.095 + 0.006 3.6 + 0.9 1099 3.24 0.13 
UHCS-I.8C 960 0.069 + 0.003 4.8 _+ 1.8 1204 3.81 0.10 
UHCS-1.8C 990 0.065 _+ 0.003 5.4 + 3.9 1204 3.92 0.09 
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principally from the data for spheroidized UHCS-1.8C ma- 
terial giving A = 145. The y intercepts o f  the data in Figure 
10 yield values o f  (o-0)s~ for each group o f  alloys, yielding 
the following predictive equation: 

O-y = (r + 145(D~) -1'2 + 460L -1/2 [5] 

The sources o f  the data shown in Figure 10 are listed in 
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Fig. 6--Tensile test data for UHCS-1.8C at room temperature. 
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s p a c i n g  for  bo th  U H C S - 1 . 5 C  and  U H C S - 1 . 8 C .  

Table II together with the values o f  (o'o)ss found from Figure 
10 for each o f  the four alloy groups that were created based 
on solid solution alloy composition. 

In plotting data in Figure 10, the values o f  L and D* for 
the spheroidized materials were taken from those tabulated 
by Syn et al. (their Table I I ) y  ,5,6,Is 191 with the exception o f  
data from Davidson and Ansell ,  where a value o f  L = 16 
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/xm was taken from the micrograph in their Figure 2. 081 
The values of L for the pearlitic steels were taken from the 

values given for pearlite colony size (Hyzak and Bernstein, 
Table II; t51 Gladman et  aL, Table IIF61). The values for in- 
terlamellar spacing given by Hyzak and Bernstein (their 
Table IItS]) were used in calculating D* by means of Eq. 
[3]. Gladman et  aL, having used the method of Birkbeck 
and Wellst201 for evaluating interlamellar spacings, reported 
interlamellar spacing as So, which is not equivalent to the 
finest measurable interlamellar spacing reported as A in the 
present investigation. Birkbeck and Wells reported the ratio 
of So to the finest measurable interlamellar spacing to be 
approximately 1.3 for their data. This value of So/A = 1.3 
was used to convert the interlamellar spacings reported by 
Gladman et  aZ for calculation of D* using Eq. [3]. 

Table II gives the composition of each alloy shown in 
Figure 10. The alloys in Table II are categorized into four 
groups, and one value of (o%)ss was calculated from Figure 
10 for each group. These four groups are as follows: 

(1) highly alloyed UHCS materials (this study; Syn et  
a/.t21), where (~O)ss = 330 MPa; 

(2) moderately alloyed UHCS and eutectoid steels (Oyama 
et  al. [tSj Gladman et a1560, where (o-0)ss = 170 MPa; 

(3) low alloy eutectoid steels (Hyzak and Bemstein;t51 Tur- 
kale and L o w ;  U6l Bly et  a/.t171), where (O-o)ss = 60 MPa; 
and 

(4) unalloyed eutectoid and hypereutectoid steels (David- 
son and Ansell;V~ Liu and Gurland~ml), where (o-0),, = 
20 MPa. 

The highly alloyed UHCS materials give a high value for 
(~o)s, of 330 MPa, while the unalloyed eutectoid and hy- 
pereutectoid steels give a low value for (o-0)ss of 20 MPa, 
which comes from solid solution strengthening by intersti- 
tial carbon. Using the (o-0)ss values given in Table II, a pre- 
dicted flow stress may be calculated from Eq. [5] for each 
material. In Figure 11, the predicted yield strength from Eq. 
[5] is compared with the measured yield strength for each 
material of Table II. Figure 11 shows a very good corre- 
lation of the predicted values (Eq. [5]) with the measured 
values over a wide range of yield strengths. The results 
indicate that spheroidized and pearlitic structure steels are 
influenced in a nearly identical manner by carbide spacing, 
grain size, and solid solution alloying. This is surprising 
since it is intuitively expected that a lamellar structure 
would lead to a stronger condition than a particulate struc- 
ture. This expected difference is not evident from the cor- 
relations given, although a few data points for the pearlitic 
UHCS materials do fall above the spheroidized UHCS ma- 
terial in strength at fine interlamellar spacings (Figure 10). 

V. CONCLUSIONS 

Using the transformations in the hypereutectoid region 
of the Fe-C phase diagram allows for the formation ofpear- 
litic microstructures with various interlamellar spacings and 
pearlite colony sizes. By varying the ratio of  undissolved 
spheroidized carbide to pearlitic carbide, the interlamellar 
spacings in pearlite can be controlled to yield a range of 
strengths and ductilities. A phenomenological equation 
found to predict the yield strength for spheroidized UHCS 
materials based on microstructural parameters can also pre- 
dict the yield strength for pearlitic UHCS materials. The 
microstructural parameters used to predict yield strength in 
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Table II. Composition in Weight Percent of Eutectoid and Hypereutectoid Steels and the Calculated Values for (r (Both 
Pearlitic (P) and Spheroidized (S) Microstructures Are Given) 

(~ro)~ Method of  Composition, Wt Pct 

Investigator (MPa) Determination Structure C A1 Cr Mn Si Ni Cu N 

This investigation 330 Fig. 10 P 1.8 1.6 
This investigation 330 Fig. 10 P 1.5 1.6 
Syn et al. t2J 330 Fig. 10 S 1.8 1.6 
Oyama et aLVSJ 170 Fig. 10 S 1.5 . �9 
Gladman et aL [61 170 Fig. 10 P 0.81 . .  

170 Fig�9 10 P 0.81 �9 
170 Fig. 10 P 0.81 . .  
170 Fig. 10 P 0.81 . .  
170 Fig. 10 P 0.81 . .  
170 Fig. 10 P 0.89 . .  
170 Fig. 10 P 0.78 . .  
170 Fig. 10 P 0.81 . .  

Hyzak and Bemstein tsl 60 Fig. 10 P 0.81 . .  
Turkalo and Low B6] 60 Fig. 10 S 0.75 . �9 
Bly et aL ~17] 60 Fig. 10 S 0.75 . .  
Davidson and Ansell t~8] 20 Fig. 10 S 0.83 . .  

20 Fig. 10 S 1.1 . .  
Liu and Gurland t~9] 20 Fig. 10 S 1.23 . .  

1.5 0.5 . . .  
1.5 0.5 . . .  
1.5 0.5 . . .  
1.5 0.5 0�9 
. . .  0.92 0.40 
. . .  0.95 0.91 
. . .  1.54 0.43 
. . .  1.56 0.92 
. . .  0.88 0.34 
. . � 9  0.97 0.99 
. . .  1.48 0.25 
� 9  1 �9 0.95 
� 9  0.87 0.17 
� 9  1,0 0.17 
. . .  0.75 0.24 0.43 0.56 

o16io 
0.008 
0�9 
0.010 
0.018 
0,019 
0.017 
0.017 

1600 

1400 

~" 1200 

~, 1000 

~ 800 
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0 

i i , l i i , i i , , t , , 

Spheroidized 
V Syn et al. 0 

�9 Oyama et ak r~ 
�9 Turkalo and Low A 
�9 Bly et al. <) 

Davidson and Ansell 
�9 Liu and Gurland 

Pearlific / / 

This Study (1.5C) I / / 
Tiffs Study (1.8C) 1 / ~" V 
Hyzak and Bemstein V -" " 
Gladman et al. / / " 

1 3  / V  

[ ]  / 
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/ 
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~y (predicted) = (CO)ss + 145 (Ds*) 1/2 + 460 L -1/2 (MPa) 

Fig. 11--Measured yield strengths vs predicted yield strengths from Eq. 
[5] for pearlitic and spheroidized hypereutectoid and eutectoid steels. Data 
for spheroidized steels are from Refs. 2 and 15 through 19. Data for 
pearlitic steels are from this study and Refs. 5 and 6. 

the  pear l i t ic  m ic ro s t r uc t u r e  s teels  are the pear l i te  c o l o n y  
size and  the  i n t e r l ame l l a r  ca rb ide  spacing .  A n  ex t ens ion  o f  
th is  p h e n o m e n o l o g i c a l  e q u a t i o n  w as  m a d e  to a c c o u n t  for  
d i f f e r ences  in  so l id  so lu t ion  s t r e n g t h e n i n g  b e t w e e n  va r ious  

a l loys ,  a d d i n g  an  add i t iona l  pa rame te r ,  (O-o)~s, w h i c h  de-  
p e n d s  on  a l loy  content �9  Th i s  e x t e n d e d  ana lys i s  accura te ly  
p red ic t s  the  y i e ld  s t r eng th  for  severa l  pear l i t ic  and  spher -  
o id i zed  eu tec to id  and  h y p e r e u t e c t o i d  s teels  o f  va r ious  a l loy  
con ten t s .  
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