The Role of Microstructure on the Strength and
Toughness of Fully Pearlitic Steels
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An experimental program was carried out to clarify the structure-property relationships
in fully-pearlitic steels of moderately high strength levels, and to identify the critical
microstructural features that control the deformation and fracture processes. Specifi-
cally, the yield strength was shown to be controlled primarily by the interlamellar pear-
lite spacing, which itself was a function of the isothermal transformation temperature
and to a limited degree the prior-austenite grain size. Charpy tests on standard and fa-
tigue precracked samples revealed that variations in the impact energy and dynamic
fracture toughness were dependent primarily on the prior-austenite grain size, increas-
ing with decreasing grain size, and to a lesser extent with decreasing pearlite colony
size. These trends were substantiated by a statistical analysis of the data, that identified
the relative contribution of each of the dependent variables on the value of the independ-
ent variable of interest. The results were examined in terms of the deformation behavior
being controlled by the interaction of slip dislocations with the ferrite-cementite inter-
face, and the fracture behavior being controlled by a structural subunit of constant fer-
rite orientation. Preliminary data suggests that the size of such units are controlled by,
but are not identical to, the prior-austenite grain size. Possible origins of this fracture

unit are considered.

THE relation of microstructure to mechanical prop-
erties in carbon steels has been the subject of con-
siderable research. It is well known for example that
increasing the carbon content increases a steel’s
strength, but usually only at the expense of fracture
toughness. More specifically, however, there is con-
siderable debate as to how microstructural variations
affect mechanical properties. We intend to examine
the origin of such variations for fully pearlitic eutec-
toid steels.

It is generally agreed that in high carbon near-eu-
tectoid steels, it is the pearlite rather than proeutec-
toid ferrite that controls strength, and refining the
pearlite interlamellar spacing results in an increase
in yield streng‘ch.l'3 However, the fracture process in
pearlitic steels is less well understood. This is due,
in part, to the difficulty in isolating different micro-
structural variables. There have been conflicting re-
sults reported in the literature as to the effects of
pearlite interlamellar spacing,”® pearlite colony size,’
and prior-austenitic grain size® on the toughness of
steel. Differences in carbon level, alloy content, and
processing conditions among the steels examined
make definitive evaluation of the literature results dif-
ficult.

The present work was undertaken, therefore, to
clarify the structure-property relationships in fully-
pearlitic steel, and to identify which of the above cri-
tical microstructural features control the deformation
and fracture processes.

EXPERIMENTAL
Material

The material used for this investigation was sup-
plied by the Association of American Railroads as hot
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rolled rail steel stock. The chemical composition was
analyzed to be: C-0.81 wt pct, Mn-0.87 wt pct, P-0.018
wt pet, 5-0.013 wt pct, Si-0.17 wt pct and Fe-Balance.
Both standard ASTM Charpy and tensile blanks were
cut from the stock so that the fracture plane of each
specimen would be transverse to the rolling direction.

Heat Treatment

Specimens were heat treated over a range of tem-
peratures for various times to produce a systematic
variation in microstructure (Table I). Oversized
blanks (12 mm sq.), were austenitized for 1 to 3 h in
the temperature range from 1073 K (1472°F) to 1473 K
(2192°F). The finest grain structure was developed by
rapidly austenitizing the samples to a temperature of
approximately 1103 K (1526°F), and subsequently

Table ). Heat Treatment Schedule for Eutectoid Steel

Austenization® Salt Bath
Heat Temperature __ Temperatre
Treatment K °F K °F
1t 1103 (1526) 838 (1049)
ot 1103 (1526) 858 (1085)
3t 1103 (1526) 898 (1157)
at 1073 (1472) 823 (1072)
5 1073 (1472) 838 (1049)
6 1073 (1472) 858 (1085)
7 1073 (1472) 898 (1157)
8 1073 (1472) 948 (1247)
9 1143 (1598) 823 (1022)
10 1143 (1598) 838 (1049)
11 1143 (1598) 858 (1085)
12 1143 (1598) 898 (1157)
13 1273 (1832) 823 (1022)
14 1273 (1832) 858 (1085)
15 1473 (2192) 858 (1085)
16% 1473 (2192) 858 (1085)
17 As Received Rail Structure

* Austenization time—1 h.
TThermal cycle treatment.
Austenization time—3 h.
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transforming below the A, before there was time for
substantial grain growth in the high temperature
range.’ After austenitizing, specimens were trans-
formed to pearlite in salt pots held at various tem-
peratures in the range 823 K (1022°F) to 948 K (1247°F),
Transformation times were chosen sufficient to ensure
complete transformations, without appreciable spher-
oidization. Specimens were then machined to final
size; for the Charpy this was 10 mm sq, and for the
tensiles this was to a gage diam of 6.35 mm. Although
the actual transformation temperature was higher than
the salt bath temperature (by as much as 40°C for the
lowest temperature), the transformation was sensibly
isothermal in nature. This was confirmed by pearlite
spacing and hardness measurements taken on cross-
sections of specimens machined to final size. Inas-
much as reaction kinetics were not of interest in this
study, the transformation will be described by the bath
rather than the reaction temperature.

Quantitative Metallographic Techniques

Quantitative analyses of the microstructure de-
veloped from each of the heat treatments included
measurements of the prior-austenite grain diameter,
the pearlite colony diameter, and the pearlite inter-
lamellar spacing.

The random intercept method® was used to deter-
mine the austenite grain size. Measurements were
taken from coupons that had been austenitized with the
test specimens, quenched, and subsequently heat
treated and etched to reveal the grain structure. Tem-
pering these coupons at 783 K {950°F) for 16 h, fol~
lowed by etching in boiling picric acid, successfully
revealed the prior-austenite structure as dark grain
boundaries on a white matrix.”

In order to better resolve the pearlite structure,
electron transmission microscopy employing conven-
tional two-stage carbon replica techniques was used.
The colony size was determined from the same micro-
graphs by the random intercept method.

After considerable preliminary study, it was de-
cided to obtain the pearlite spacing by measuring the
interlamellar distance in those colonies where the
plates were oriented nearly perpendicular to the plane
of observation. The pearlite in these colonies would
thus be most likely to project the true spacing. This
method was chosen in order to reduce the statistical
counts needed, especially when using the random in-
tercept technique. Measurements were made along
secants drawn perpendicular to these colonies in simi-
lar fashion to the work of Brown and Ridley.’ Results
of this technique compared favorably with limited data
obtained using the random intercept method, and, as
mentioned, were not a function of location in the cross-
section.

Mechanical Testing

The testing program included both tensile and in-
strumented impact tests. Room temperature tensile
tests were performed at a strain rate of 0.01 per min.
Both the yield strength (0.2 pct offset) and the reduc-
tion in area were calculated and correlated with mi-
crostructure variations due to heat treatment.

Dynamic instrumented impact tests, on precracked
Charpy specimens, were chosen to evaluate the im-
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pact fracture toughness as a function of heat treat-
ment.'® An instrumented impact system utilizes strain
gages mounted in the striking tup to sense and record
the load-time history of the fracture process. In addi-
tion, the more conventional measure of toughness,
energy absorbed, is also recorded. From these data,
both W/A (absorbed energy per fractured area) and dy-
namic fracture toughness, Kjp, values were deter-
mined for each test condition.

K;p is the fracture toughness of a material as
measured under dynamic or impact conditions. For
these experiments the stress intensity rate, (K), was

3.3 to 4.4 x 10°

ardized procedure for this type of testing and data re-
duction, calculation of Kjp values from test data is
discussed in Appendix 1, for both the elastic and plas-
tic types of fracture. While the physical significance

of K;p values may be a source of disagreement due to
nonstandardized test methods, they are none the less
important as an additional means of evaluating rela-
tive changes in impact toughness levels. It should be
noted that changes in dynamic fracture toughness cor-
related well with variations in impact energy for this
series of experiments.

The results of the impact toughness tests will be
represented primarily as Charpy transition curves,
and only the Charpy transition will be correlated with
microstructure. The Charpy transition temperature
reported herein will be the temperature corresponding

N

to a W/A ratio of 13.5 x 10* (it 1b/in.%). This

value is roughly equal to one-half the difference be-
tween the lower and upper shelf energy, a value fre-
quently used in the past as a measure of transition
temperature.”

N
7o Since there is as yet no stand-

Statistical Analysis

Multiple-linear regression analyses were performed
to determine statistically the dependence of the vari-
ables, yield strength, Charpy transition temperature,
and reduction in area, on the three microstructural
parameters of interest, viz, austenite grain size,
pearlite colony size, and pearlite interlamellar spac-
ing. A basic linear multiple regression computer sub-
program was used. Because the program did not have
the capability of determining the functional dependence
of each dependent variable, the functional relation-
ships had to be assumed. The final analysis was based
on the relationships of d~*” (grain size ™), P™*”* (col-
ony size /%), and S*/* (pearlite spacing™’?). In pre-
liminary analyses, these relationships gave the best
correlation with the experimental data. Functional re-
lationships of this type have been previously described
in the literature'™ for similar types of steels. A com-
plete description of the analyses is contained in Ap-
pendix 2. The units for the three structural parame-
ters, grain and colony size and pearlite spacing are in
centimeters.

EXPERIMENTAL RESULTS
Microstructure

Results of the quantitative microscopy aspect of the
study are presented in Table II. Examination of the
microstructure for each heat treatment revealed a
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Table t1. The Effect of Heat Treatment on Microstructure of Eutectoid Steel

Heat Austenitic Grain Pearlite Colony Pearlite Spacing,
Treatment Size, 103 cm Size, 10™ c¢cm 10" cm
1 1.43 4.78 14.10
2 1.43 4.57 15.35
3 143 5.26 19.50
4 2.52 5.38 13.00
5 2.52 4.75 13.75
6 2.52 6.58 15.16
7 2.52 6.09 17.50
8 2.52 6.34 27.00
9 3.51 6.04 12.10
10 3.51 5.33 14.00
11 3.51 4.29 14.10
12 3.51 5.15 16.35
13 4.02 5.56 11.93
14 4.02 5.76 13.75
15 14.73 5.67 13.62
16 16.65 5.70 11.57
17 13.0¥ 7.12 15.67
*Estimated.

(The uncertainty in the values for grain size, colony size and pearlite spacing is
of the order of 10 pct.)

fully pearlitic structure. As expected, austenite grain
size increased with increasing austenization time and
temperature, from 1.43 X 10~ ¢m to 16.65 x 10~ cm.
As noted previously, the finest austenite grain struc-
ture was produced by a rapid thermal cycle technique.’

The pearlite interlamellar spacing was a strong
function of the isothermal transformation tempera-
ture; the pearlite spacing also increased as the prior
austenite grain diameter decreased. This rather in-
teresting result, substantiated by statistical analysis
(see Appendix 2.13), has also been observed by Glad-~
man et al' in a recent paper on continuously cooled
steels, and by others.'® The reason for this behavior
is not clear, but it does not appear to be related to
variations in austenitizing temperature and subsequent
changes in cooling rate. To demonstrate this, speci-
mens step-quenched from a higher austenitizing tem-
perature (e.g., 1273 K) to a lower one {e.g., 1073 K)
had a finer pearlite spacing than specimens austeni-
tized only at 1073 K. This is an intriguing result which
clearly deserves further study.

For the heat treatments performed, the pearlite
colony diameter was relatively constant, in the range
4.5 to 6.0 X 10™ c¢cm. Gladman® has reported a much
larger range of colony size than reported herein, for
steels continuously cooled, but of variable composi-
tion. Because of the small variation in colony size in
this study, it will be difficult to determine conclusively
to what extent pearlite colony structure affects me-
chanical properties. The large variations in proper-
ties that are observed however, tends to negate any
critical role of colony size in controlling resultant
properties.

Strength and Hardness

As expected, both the room temperature yield stress
and hardness were found to be a strong function of the
pearlite interlamellar spacing. For a given prior aus-
tenitic grain size, there is typically a 20 to 30 pct in-
crease in the 0.2 pct offset yield stress going from the
coarsest pearlite spacing developed in this program
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Table 111. Effect of Heat Treatment on Mechanical Properties
of Eutectoid Steel

Charpy
Transition
Temperature, Yield
Heat F Strength, ksi Reduction in Hardness,
Treatment K °F (MN/m?) Ksi Area, Pct R,

1 397 220 5440 78.9 47.9 23.7

2 369 205  509.5 73.9 44.5 22.8

3 369 205 437.1 63.4 43.5 16.0

4 395 252 5702 82.7 32.1 277

5 390 243 568.8 82.5 332 273

6 397 255  546.1 79.2 28.8 26.3

7 405 270 479.9 69.6 22.5 221

8 400 260  422.0 61.2 26.8 173

9 402 265 633.6 91.9 36.1 28.6
10 405 270 580.5 84.2 30.0 28.3
11 401 263 5599 81.2 299 26.1
12 405 270 467.5 67.8 24.5 21.7
13 406 272 6212 90.1 325 30.8
14 402 265 6109 88.6 31.0 29.0
15 433 320 620.5 90.0 15.2 28.8
16 433 420 620.5 90.0 9.6 30.6
17 430 315 5054 73.3 14.0 24.0

to the finest (Table III). A larger pearlite range was
not studied because of our interest in this steel’s be-
havior at high strength levels.

The regression equation found to best describe the
relationship between yield stress and the three mi-
crostructural features is:

oy (Ksi)* = 3.16 x 107 (S71/3) — 5,79 x 107 (P*'?)
yvs
~4.17%x 107 (@), + 1.58,

*1 ksi = 6.89 MPa. K = (5/9)C°F + 459.67).

with standard errors of the coefficients of 4.61x107,
4.19x10™ and 2.25x 107, respectively. According to
the statistical treatment, comparison of the standard
error of the coefficient to its corresponding regres-
sion coefficient gives a measure of the correlation be-
tween variables. A relatively large error would indi-
cate that the two variables are not significantly related.
The computed T value which is simply the regression
coefficient divided by the standard error of the coeffi-
cient is presented in Appendix 2 for the purpose of
comparison; the greater the absolute value of T the
better the correlation between variables.

Thus, the previous equation shows that increases
in yield strength correlate best with decreases in
pearlite spacing, and although the prior austenite
grain size also has an effect on strength, the correla-
tion is not as great. Indeed, further analyses (Appen-
dix 2.8, 2.9, 2.10) indicate that pearlite spacing alone
can account for 84 pct of the variation in strength,
while grain size can only account for 37 pct. Varia-
tions in pearlite colony size have minimal effect on
strength for the limited range available in this study,
as shown by the standard error of the coefficient be-
ing larger than the regression coefficient.

The analyses indicate that yield stress does in-
crease somewhat as prior austenite grain size in-
creases. However, this is probably not a direct effect
of grain size on the deformation process, but instead
is attributable to the relationship between grain size
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and pearlite spacing. As mentioned above, for a given
isothermal transformation temperature, pearlite spac-
ing decreases as the grain size increases. Therefore,
the beneficial effect of a large grain size on strength
is not a direct effect, but results from a refinement

of the pearlite spacing.

The complete range of data is summarized in Fig. 1.

The graph bears out the conclusion that strength is
primarily a function of the pearlite interlamellar
spacing, and also that the relationship is satisfactorily
represented by an inverse squared power law.

Toughness

Impact toughness, as measured by the Charpy
transition temperature, ranged from 205°F (368 K)
for two fine-grained microstructures to 315°F (430 K)
for the coarsest grained steel (Table III). The best fit
regression equation, containing terms for each of the
three microstructural variables was determined to be:
T.T.(°F)= —8.25x 10 (§7/%) - 1,22 (P*?)— 5,55 (¢™*/%)
+ 4.35 X 10° with standard errors of the coefficients of
874 < 107, 7.94 x 10™ and 4.27 x 107, respectively.

The large standard error of the coefficient for the
pearlite spacing factor indicates that there is no signi-
ficant correlation between toughness and pearlite
spacing. Prior-austenite grain size, however, corre-
lated well with transition temperature. In fact in a
separate analysis (Appendix 2.3), grain size was able
to account for 94 pct of the variation in toughness. The
statistical fit is increased at the 10 pct significance

PEARLITE SPACING,(S),A
2400 2000 1800 1200
T T T T

© COARSE

ic

3

@ Y-GRAIN SIZE

u * FINE B
] 4 MEDIUM

<

T

Y.S. (ksi)

02 03
PEARLITE smcwa,(s‘*),(ﬂ)

Fig. 1—Yield strength and hardness vs pearlite interlamellar
spacing.

Ky
3?0 400 450 .
i 1

600 650 700

Jaoo
\Y-GRMN SIZE
1.43x10"% em

200 250 300 500 550
1 I T T

200—

MEDIUM PEARLITE SPACING

—~—2.52x107%cm 1300

£ e
S «———3.50%10" cm N
i S
= — -2 -
< 1o 14.76 x 107 ¢cm —200
=

50’" —100

| | 1 | N |
-100 [o] 100 200 300 400 500 600 700 800

TEST TEMPERATURE (°F)

Fig. 2—Charpy transition curves as a function of prior aus-
tenitic grain size.

1220-VOLUME 7A, AUGUST 1976

level by retaining the term for pearlite colony size,
suggesting that this factor can contribute.

The resultant regression equation incorporating
only these two terms is: T.T. (°F) — 1.49 (P™/*)-5.33
(@) + 4.21 x 10 with standard errors of the coeffi-
cients of 7.49 x 10~ and 3.57 x 107, respectively.
Note that the prior austenite grain term has a re-
gression coefficient larger than that for colony size
by a factor of approximately 4 to 1. This supports the
graphical results, plotted in Fig. 2, and indicates that
grain size is the effective means of influencing the
toughness of eutectoid steel.

Fig. 2 shows that the Charpy transition temperature
is shifted down the temperature scale as the grain
size is decreased, with the pearlite spacing main-
tained at a constant value. The conjugate case is re-
presented in Fig. 3; here the prior-austenitic grain
size is kept constant and the pearlite spacing is varied,
with no apparent effect on the transition temperature.
The complete range of data is summarized in Fig. 4
by plotting Charpy transition temperature vs (d'%).
These data support the previous conclusion that tough-
ness is primarily a function of prior-austenite grain
size.

The corresponding values of dynamic fracture
toughness, (Kjj)), associated with the data of Fig. 2
are illustrated in Fig. 5. At a temperature of 0°F,
the dynamic fracture toughness, K;p, increased from
approximately 20 ksi vin. (22 MN/m*?) to 38 ksi Vin.
(41.7 MN/m*”%) by refining the grain size an order of
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magnitude. This corresponds to an increase in criti-
cal flaw size of almost a factor of four. The above il-
lustration shows that for dynamic service application,
microstructural manipulations can affect a large
change in the critical crack size, putting it for some
loading situations into the detectable size range for
nondestructive testing.

Finally, it is of interest to examine the role of mi-
crostructure on the upper shelf energy (Figs. 2 and 3).
A refined austenite grain size greatly increases the
energy absorbed during the plastic tearing processes
normally associated with the upper shelf. The pearlite
spacing has a nonsystematic effect; if anything, the
upper shelf energy shows a tendency to increase with
decreasing pearlite spacing. It seems clear that for
eutectoid steels, the critical structural parameter
controlling toughness is the austenite grain size. This
behavior extends to the case of tensile ductility as dis-
cussed in the next section.

Ductility

Ductility, as measured by the reduction in area,
varied with microstructure from approximately 10
pct to 50 pct. The regression equation correlating re-
duction in area to microstructure was: R4 (pct) = 1.24
x 107! (§7%) + 2.66 x 107 (P™'") + 1.85 (4/*)— 4.71x10*
with standard errors of the coefficients of 4.95 x 1072,
4.50 x 107 and 2.42 x 107, respectively.

Examinpation of the regression coefficients indi-
cates that the prior austenite grain diameter has the
greatest influence on ductility, with pearlite spacing
having a more modest effect and colony size (for the
range available in this study) having little effect.

DISCUSSION

It has been shown that the strength of fully pearlitic
eutectoid steel is controlled microstructurally by the
pearlite interlamellar spacing, while fracture tough-
ness and tensile ductility vary inversely with prior
austenitic grain size. The results also suggest, based
on a limited range of data, that pearlite colony size
does not significantly affect strength, and has, at most,
a secondary influence on toughness. A major signifi-
cance of these results is that strength and toughness
are controlled by different microstructural parame-
ters, and thus, an increase in either property need
not be compromised, as in the more common case
when the two properties are inversely related.

METALLURGICAL TRANSACTIONS A

The dependence of the yield strength of high carbon
steels on pearlite spacing has been previously re-
ported in the literature."”® These studies concluded
that the flow stress of pearlite follows a Hall-Petch
relationship:

Oy = 0; + Ry (S)™"?

which also fits the data reported herein. Karlsson et
al'® have recently summarized existing data for eu-
tectoid steels and have stated that a best mean value
of the Hall-Petch slope (ky) for the yield stress is
0.25 MN/m>’? which is in excellent agreement with the
value of 0.246 MN/m>’ obtained in this study. It
should be noted that the regression analysis for the
results of this study resulted in a negative intercept
which although clearly inconsistent with the definition
of friction stress as the stress for dislocation move-
ment in the lattice, has also been reported in two of
the three studies on eutectoid steel.””® A statistically
satisfactory correlation can also be obtained with S,
and a positive friction stress is obtained. The lack

of a rigorous model for either function makes further
analysis unnecessary. The Petch slope value obtained
from the former relationship is in good agreement
with a variety of iron alloys, implying that carbide-fer-
rite interfaces and ferrite-ferrite interfaces are
equally effective dislocation barriers.

The explanation generally advanced as to why the
flow strength should be controlled by the pearlite
spacing is that the available slip distance, in this
case the distance between pearlite lamellae, is the
most important variable in determining strength.
This explanation is quite reasonable since it has been
shown that carbide lamellae are effective barriers
to dislocation motion.’* In fact, this argument is essen-
tial to several theories of microcrack initiation in
pearlite which require the stress buildup at the car-
bide-ferrite interface to be large enough to cleave the
carbide lamella.”

The fracture process in eutectoid steels, however,
is less well understood. Austenitic grain size,® pear-
lite colony size,' and pearlite spacing®® have all pre-
viously been correlated with toughness in the litera-
ture. The present research has demonstrated that
varying the prior-austenitic grain size has a much
greater effect on the subsequent fracture toughness
than varying the pearlite spacing or colony size.

The effect of pearlite interlamellar spacing on
toughness has been a matter of controversy in the
literature. We believe that this uncertainty may be
due, in part, to the varied carbon and alloy contents
of the previously studied steels, since the present
data indicates little or no effect of pearlite spacing on
impact fracture toughness of precracked specimens.
An explanation proposed by Gladman ef al, who found
similar results using V-notch specimens, is that the
effect of cementite plate thickness and ferrite spacing
tend to cancel one another out, with the advantages
of a reduction in cementite plate thickness being off-
set by the harmful effects of refining the interlamel-
lar ferrite spacing. Although this rationalization ac-
counts for the data, we believe it more likely that run-
ning cleavage cracks are for all practical purposes
insensitive to interpearlite structure, so long as the
pearlitic ferrite orientation is continuous. We shall
return to this point.
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It may also be worthwhile to mention that in pre-
liminary testing using unprecracked V-notch speci-
mens, the V-notch transition temperature was affected
to a greater extent by variations in pearlite spacing
than was the value obtained with dynamic fracture
toughness specimens. This would indicate that the
initiation process in these steels is more sensitive to
pearlite structure than the propagation phase, a re-
sult consistent with cracks being initiated at stress con-
centrations at the ferrite-carbide interface.

The remaining parameter that has not been con-
sidered, and that can be controlled by the prior-
austenitic grain size, is the relative crystallographic
orientations of the various microstructural units. Pre-
vious researchers®’*® who have studied the fracture
process in pearlitic steels, have noted that the
cleavage cracks apparently follow certain cleavage
planes in the ferrite laths. Thus, if the prior-austenite
grain structure can control the resultant ferrite ori-
entations in pearlite, it may explain the influence of
grain size on toughness.

To model the situation, consider that toughness is
related to the number of mismatch boundaries in a
microstructure at which a running crystallographic
cleavage crack must alter direction, possibly by re-
nucleation or by some other energy absorbing process.
For pearlitic steels, Turkalo® has observed that the
fracture path often continued as a single cleavage facet
across a number of pearlitic colonies, extending over
partof, orin some cases, the whole of one former aus-
tenite grain. This would seem to imply that the ferrite
from a single austenite grain has a preferred orien-
tation, such that cleavage planes in adjacent pearlite
colonies are continuous or closely aligned. In line
with this thinking, a finer prior austenitic grain size
would lead to smaller units of preferred ferrite orien-
tation and, therefore, a higher fracture toughness.

An alternative explanation, based on Smith’s'” re-
sults on pearlite growth in eutectoid steel is that for
a given transformed austenite grain, the ferrite laths
in pearlite should bear a specific orientation relation-
ship to a neighboring grain of austenite; this adjacent
grain being the true parent grain for the crystal of
ferrite. This, of course, differs from the explanation
proposed above, which required the pearlitic ferrite
of each colony be related to the prior-austenite grain
in which it is contained. In this model, the effect of
prior-austenite grain size on toughness is explainable
by relating austenite grain diameter to the number and
size of orientation ‘‘units’’ in the pearlite. Each
‘‘unit’’ is made up of adjacent pearlite colonies of
common parentage and therefore common ferrite
orientation. In a structure that has a large prior-aus-
tenitic grain size, there may be several colonies nu-
cleated on a given grain side and therefore of the same
‘unit’ parentage. In a fine grained structure far fewer
colonies would have common parentage, so each ‘‘unit”’
may be comprised of as few as one colony. For an
equal pearlite colony size, the fine-grained structure
would thus have considerably more orientation ‘‘units”’
and, therefore, would present more resistance to
crack propagation. In support of this approach, Dip-
penaar and Honeycombe™® recently found, in a high
manganese steel, that the pearlitic ferrite and cemen-
tite are related to the austenite grain into which they
are not growing.
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To ascertain which of the two proposed models is
operative requires being able to differentiate between
prior-austenite and colony boundaries in fully eutec-
toid steels, in order, for example, to show if there is
a one-to-one correspondence between a fracture facet
and a prior-austenite grain. Such studies are under-
way, as are orientation determinations of the ferrite
within adjacent colonies. As part of this more com-
prehensive study, Park' has measured the facet size
in more than one hundred fractured precracked Charpy
specimens. He finds that while the average facet size
is a strong function of the prior-austenitic grain size,
it is always somewhat less, particularly for larger
grain sizes. As expected from our results, he finds
little systematic variation between pearlite spacing
and facet size. The lack of direct correspondence be-
tween prior-austenitic grain size and facet size tends
to support the approach of Smith'” and Dippenaar and
Honeycombe,'? although considerably more work is
needed to establish the origin of these pearlite colony
units.

CONCLUSIONS

1) The strength and toughness of fully pearlitic steel
are controlled by different microstructural parame-
ters, and can be varied independently of one other to
optimize service performance in such materials as
rail steel.

2) Strength is dependent on the pearlite interlamel-
lar spacing; decreasing the spacing results in an in-
crease in strength. Pearlite spacing can be refined
by decreasing the transformation temperature and
to a lesser extent by increasing the austenitic grain
size. The reason for this latter effect is not known.

3) Fracture toughness is more strongly a function
of the prior-austenitic grain size. The finer the grain
size, the greater the toughness. Pearlite colony size
for the range studied has a minor influence at best on
toughness. The fact that large variations in tough-
ness are possible with little change in colony size,
suggests that this is not a useful microstructural
parameter to control toughness.

4) The results of this study suggest that the frac-
ture process is controlled by a structural unit made
up of a number of colonies, within which the ferrite
should have the same crystallographic orientation.
The size of this unit is controlled by, but is not iden-
tical to, the prior austenitic grain size.

APPENDIX 1

Dynamic fracture toughness values were calculated
using instrumented impact data for both the linear
elastic type of fracture, and the case of yielding before
fracture. For the linear elastic case, a ‘‘valid’’ tough-
ness value may be obtained for dynamic testing by ap-
plying linear elastic fracture mechanics, Ref. 1a:

1.5Y L (Pg)a"
Kpp = 22X LR aC Eq. [14]
where
Y = function of (a/W)
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support span width
Pr = load at fracture

a = total crack depth
B = thickness

W = width.

When the appropriate Charpy and load dimensions
(in inches and pounds are considered), Eq. [1] reduces
to:

Kip = 38.7 Y (Pp) a*’%. Eq. [2A]

There is considerable controversy regarding the
calculation of a meaningful fracture toughness value
based on data derived from a specimen which frac-
tures after general yielding. Several methods have
been developed, however, for estimating the material’s
toughness, had the test sample been large enough for
linear elastic fracture to occur. The lower-bound
equivalent-energy approach was used for this
study.?®»** This method assumes that for a valid size
specimen, fracture would have occurred at an energy
equivalent to the initiation energy (energy at maxi-
mum load) measured for the Charpy size specimen.
From this method, extrapolated values of Pg, cor~
rected for machine compliance, are used in Eq. [2A]
to obtain Kyp.**

APPENDIX 2

Multiple linear regression analyses were performed
in order to determine which microstructural parame-
ters are related to each mechanical property, and, if
possible, to rate the variables in order of their im-
portance. As previously mentioned, the Computer Sci-
ence Corporation (CSCX) commercial basic multiple
linear regression analyses program was used. The
results of each analyses are contained in this section.

For each analysis, the independent and dependent
variables are identified as numbers. The data matrix
contained the following parameters:

1 pearlite spacing s
2 pearlite colony size pt2
3 austenite grain size a?”?
4 transformation temperature °C)

5 austenite grain size d

6 Charpy transition temperature (°F)

7 yield strength (Ksi)
8 reduction in area (pct)
9 hardness (R.)

The units for 1 to 3 have been given in the text.

2.1) Dependent Variable—6
Independent Variables—1, 2, 3

Standard
Regression Error
Variable Coefficient Coefficient Computed T
1 — 8.25 E—02 8.74 E—02 — 9.44 E-01
2 —1.22 E+00 7.94 E~01 —1.54 E+00
3 — 5.55 E+00 4.27 E-01 — 1.29 E+01

R~squared = 0.957 (gives the confidence to which the de-
pendent variable can be accounted for in terms of the inde-
pendent variables).

2.2) Dependent Variable—6
Independent Variables—2, 3
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Regression

Variable Coefficient
2 ~1.49 E+00

3 —5.33 E+00

R-squared = 0.954.

2.3) Dependent Variable—86
Independent Variable—3

Regression
Variable Coefficient
3 ~5.55 E+00

R-squared = 0.939.

2.4) Dependent Variable—6
Independent Variable—2

Regression
Variable Coefficient
2 —4.85 E+00

R-squared = 0.166.

2.5) Dependent Variable—8
Independent Variable—1

Regression
Variable Coefficient
1 4.49 E—01

R-squared = 0.136.

2.6) Dependent Variable—7

Independent Variables—1, 2, 3

Regression

Variable Coefficient
1 3.16 E—01

2 -5.79 E-02

3 —-4.17 E-01

R-squared = 0.883.

2.7) Dependent Variable—7
Independent Variables—1, 3

Regression

Variable Coefficient
1 3.14 E-01
3 —4.31 E-01

R-squared = 0,883.

2.8) Dependent Variable—7
Independent Variable—1

Regression
Variable Coefficient
1 3.57 E-01

R-squared = 0.840.

2.9) Dependent Variable—7
Independent Variable—3

Régression
Variable Coefficient
3 —1.12 E+00

R-squared = 0,373,

Standard
Error
Coefficient

7.43 E-01
3.57 E-01

Standard
Error
Coefficient

3.75 E—01

Standard
Error
Coefficient

2.90 E+00

Standard
Error
Coefficient

3.02 E-0

Standard
Error
Coefficient

4.61 E—02
4.19 E-01
2.25 E—01

Standard
Error
Coefficient

4.16 E—02
1.96 E~01

Standard
Error
Coefficient

4.16 E-02

Standard
Error
Coefficient

3.88 E—01

Computed T

—2.00 E+00
—1.49 E+01

Computed T
—1.48 E+01

Computed T
-1.67 E+00

Computed T
1.49 E+00

Computed T

6.85 E+00
—1.38 E-01
—1.85 E+00

Computed T

7.54 E+00
—2.19 E+00

Computed T
8.58 E+00

Computed T
—2.89 E+00
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2.10) Dependent Variable—~7
Independent Variable—2

Standard
Regression Error
Variable Coefficient Coefficient Computed T
2 1.37 E~01 1.02 E+00 1.34 E-01
R-squared = 0.001.
2.11) Dependent Variable~8
Independent Variables—1,2,3
Standard
Regression Error
Variable Coefficient Coefficient Computed T
1 1.24 E-01 4.95 E—02 2.50 E+00
2 2.66 E—01 4,50 E—01 5.92 E~01
3 1.85 E+00 2.42 E-01 7.62 E+00
R-squared = 0.866.
2,12) Dependent Variable—9
Independent Variables—1, 2, 3
Standard
Regression Error
Variable Coefficient Coefficient Computed T
1 1.39 E—01 1.89 E-02 7.36 E+00
2 -9.72 E—02 1.71 E-01 ~5.67 E~01
3 —-2.15 E—01 9.22 E—02 ~2.33 E—00
R-squared = 0.902.
2.13) Dependent Variable—~1
Independent Variables—4,5
Standard
Regression Error
Variable Coefficient Coefficient Computed T
4 —6.33 E—04 6.42 E—05 —9.85 E+00
5 —2.08 E+00 4.95 E-01 —4.20 E+00
R-squared = 0,901.
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