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RELATION OF TOUGHNESS TO MICROSTRUCTURE 
IN SPHEROIDIZED STEEL 

Charles Sheldon Atherton 

Inorganic Materials Research Division, Lawrence Radiation Laboratory 
Department of Materials Science and Engineering, College of Engineering 

University of California, Berkeley, California 

Abstract 

The tensile and fracture toughness properties of.a 1070 steel 

spheroidized byarm rolling below the -y transformation temperature 

are compared with grain and particle size measurements. Carbide particles 

are located predominantly at grain boundaries. Mean grain and particle 

diameters are reduced to as small as 0.6i and 0.2p respectively. The 

room temperature yield strength is increased from 50 ksi for pearlite 

• 	 to 130 ksi. The room temperature fracture toughness is increased 

1/2 
from 67 ksi-in 1/2  for .pearlite to 106 ksi-in •. Fine particles are 

found to produce greater toughness than coarser particles. 
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LIST OF SYMBOLS 

K stress intensity parameter describing the elastic stress field 

in the vicinity of the crack. 	The value of K at: instability 

is referred to as the fracture toughness and has units of 

I subscript denoting first or opening mode of fracture 	Referred 

.toas:plane-strain conditibn..:. 	• 	• 	 • 	 . 	 • 	 • 

C 4.subscript denoting critical value of a parameter.  

B. specimen thickness, in 

a crack length, in 

W specimen width, in 

E Young's modulus, psi 

• 	 • 	 • 	 •• 	P 	• • applied 	load, 	lbs. 	• 	
• 	 ...... 	 .•• 	 . 	 . 	 . 	

: 

COD, V crack opening displacement, in 

CYS  yield stress, psi 

LYS lower yield stress, psi 

D,d mean intercept grain diameter 

. 	 . 	 . 	
. 	 . 	 . 	 . 	 - 	 . 	 . 	 . 	 . 
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I. INTRODUCTION 

Since the discovery that polished and etched metals display a wide 

variety of microstructures, much effort has been expended to correlate 

mechanical properties with these features. The application of chemistry, 

thermodynamics, and, more recently quantum mechanics' to metallic solu-

tions has allowed considerable control over the constituents of an alloy 

and their distribution. Similarly, a great deal of progress has been 

made in understanding the mechanical properties associated with diffe- 

rent constituent arrangements with the development of dislocation mechanics. 

The field of fracture mechanics has introduced yet another microstructu-

rally sensitive material property, fracture toughness, with which this 

paper is primarily concerned. 

The distribution of carbon in a plain carbon eutectoid steel can be 

varied from plate-like lamellar carbide or lenticu.lar martensite to one 

of spheroidized carbide. While this transformation has previously been 

accomplished by lengthy annealing, it has been found 
14,5

that spheroidi-

zation can be accelerated by deformation below the o-y transformation 

temperature. In addition, the carbide particle size can be controlled 

by the choice of deformation temperature as well as by subsequent 

annealing of the spheroidized structure 

* 
A fine spheroidized structure can also be obtained by deformation 

during the y to a transformation, 2  or by cooling from deformed 

austenjte.3 



- 
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II E)IMETTAL PROCEDURE 

A. Material Preparation 
C 	 - 	 - 

Commerical 1070 steel was received as a 2"X3"X36" bar with the follow-

ing chemical composition: 0.77% C, 0.8% Mn, 0.2% Si, 0.04% Cu, o.o% Cr, 

0 01% Ni, 0 026% S, 0 013% P, 0 008% Mo The bar was cut into 6" lengths, 

austenitized at 800 °C for two hours and furnace cooled 

1 Mechanical Treatment 

The pearlitic bars were reheated to temperatures of 500 0C, 600° C or 

7000C ana rolled with pre-warmed rolls, reheating for five minutes between 

passes. The bars were air cooled after rolling and cut to sizes appropriate 

for tensile and fracture toughness specimens. Samples were taken for 

metallographic examination. 

2 Heat Treatment 

Prior to heat treatment of the actual test specimens, the samples for 

metallographic examination and microhardness tests were placed in argon 

filled quartz tubes and annealed at 500 °C, 600°C or 7000C for various times. 

The results of tests on these preliminary samples were then used to 

select appropriate heat treatments for the tensile and fracture toughness 

specimens. 

Tensile and fracture-specimens were then enclosed together in stain- 
'4 

less steel heat treatment bags to minimize exposure to air during 

annealing. The specimens were air cooled upon removal from the annealing. 

furnace. 
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3. Machining 
S. 

Thetensile and fracture specimens were mahined to the dimensions 

shown in Figs. .1 and 2. Fracture specimens were machined so that the 

fracture plane would be perpendicular to the rolling direction Tensile 

specimens were machined with the tensile axis in the longitudinal director 

For tensile test specimens, bars rolled at 6000  and 700°C (final thick-

ness of 0 38") were cut longitudinally, so that tensile specimens were 

taken from the upper and lower halves of the rolled bar. However, the 

bars rolled at 500°C (thickness 0 16") were cut twice longitudinally so 

that the tensile specimens were taken from the upper face, lower face 

and center of the rolled bar.  

B Mechanical Testing 

1 Tensile Tests 

An Instron testing machine was used at •a cross-head speed of .05 cm/mm. 

Tests at -75°C  were made by immersing the specimen in ethanol and dry ice 

Tests at -20 0C were performed by adding dry, ice to the ethanol bath at 

intervals. The volume of ethanol was great enough to maintain the bath 

temperature to within ±10C.. 	 . 

2. Fracture Toughness Tests 

Fatigue cracks were introduced into the fracture toughness specimens 

by a Materials Testing System(MTS) machine using a sinusoidal cycle with 

load alternating between 50 and 1800 pounds, or a maximum stress inten- 

1/2 sity of.40 ksi-in 	, at a frequency of 6Hz. An average of.l0,000 cycles 

were required to obtain the proper crack length of 063" (a/W 0.50).  



-5- 

• As the applied load was increased during testing, the change in 

displacement between two imife edges machined in the fracture specimen 

was measured by a crack opening displacement (COD) gauge describea 

in reference 6. One fracture toughness sample was sacrificed to calibrate 

the compliance of the specimen geometry at knowncrack lengths. The 

calibration curve of Fig. 3 was obtained from the slope of load versus 

COD of the elastically loaded calibration sample at various ingrements of 

crack length extended by machining between tests This calibration curve 

was used to calculate the effective crack length from the load versus 

COD curve of actual fracture tests. The criterion for selecting the 

point on the load versus COD curve from which the fracture toughness 

values were calculated was the. point of maximum load, even though this 

might not correspond to the critical load and crack length in cases of 

failure by tearing (see Figs. 12, 14, and 15). 	. 	. 

Most of the fracture toughness tests were conducted on an Instron 

testing machine since much sensitivity in recording stress wave activity 

was lost in filtering outthe higher noise levels of the MTS. The cross-

head speed was 0.20 cm/mm., giving a rate of increase of stress intensity 

(106  psi_inu/2/min) within the range recommended by the ASTM Standards. 7  

The COD gauge output was used to drIve the Instron recording chart.. 

Fracture tests of.several specimens at room temperature and at -75 ° C 

8 	 .. 	 . 	-. 
along with data from Guest indicated that the transition temperature 

for this alloy was about -20 °C. In order to avoid having all the samples 

tear or cleave, the tests were conducted at the transition temperature. 

This also insured the maximum sensitivity of fracture toughness to 

microstructure. 



Fracture toughness test temperatures of -75°C and -200C were obtained 

by enclosing -the specimen and grips in an insulating container and intro-

ducing nitrogen vapor through a perforated copper coil wound around the 

grips. A thermocouple within the notch of the specimen, along with a 

potentiometer-type temperature controller and a flow regulating system, 

brought the sample to the test temperature within about twenty minutes. 

The test was not begun until the thermocouple voltage was checked on a 

more sensitive, calibrated potentiometer. The apparatus is shown in Fig.4. 

3. Stress Wave Emission Technique 13-15 

The elastic stress waves emitted by discontinuous crack growth prior 

to failure were recorded by the apparatus shown schematically in Fig. 5. 

The apparatus and test setup are illustrated in Fig. 6 The band pass 

filter was set for a low pass of 40 kHz and the high pass was varied from 

5 to 25 kHz. The best results for tests on the instron were obtained at 

a high pass of 15 kHz The total gain of the system was varied between 

36,000 and 90,000 

C. Microscopy 

1. Metallography 

Metaliographic samples were etched in nital and photographed at 

2000X using oil •emersion of a Zeiss metallograph. From one to four 

photomicrographs of specimens selected for quantitative microstructural 

analysis were enlarged two and a half times, and these enlargements were 
	I 

used for the analysis. All photomicrographs used in the quantitative 

analysis were transverse to the rolling direction. The mean intercept 

• transverse grain diameter was determined from the ratio of the length of tra-

verse across a microstructure to the number of grain boundaries intersected. 
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The apparent transverse particle size was found by dropping a cricular template 

onthephotomicrograph at random, and measuring the apparent diameters of 

particles whose centers fell within the circle. To evaluate the number 

of particles per cubic millimeter and the volume fraction occupied by 

the ôarbides, the Saltvkov9  method was used, the particles being 

divided into seven size groups. 

2. Fractography 

Immediately after fracture, of a specimen, a hot blower was directed 

on the fracture surface to remove ice which had condensed from the air. 

Fracture surfaces selected for electron microscopic examination were 

taped to prevent mechanical damage and contamination by extraneous 

particles, then cut from the fracture specimen by hand to avoid overheat- 

ing or exposure to water. The fracture surfaces were cleaned ultrasonically 

while immersed in 200 proof ethanol, then stored in dessicators until 

examined in the scanning electron microscope. 



• 	 III. EXPERIMENTAL RESULTS 

Material Preparation 

In order to obtain a fully spheroidized structure 1  the steel must 

be deformed to a true strain of 2.0. To obtain this heavy reduction 

and maintain thickness, it was necessary to rotate the bars 900 for 

several passes. Rolling under these conditions required up to 70 

passes and eight hours at temperature. 

At rolling temperatures of 600 and 700 °C, the pearlitic bars 

(2"X3" cross section) could be deformed to the required strain (0. 1 0"X2.0" 

cross section) withOut excess difficulty. However, at the 500°C rolling 

temperature, edge cracking began and become so severe at higher strains 

that rolling was terminated at a true strain of 1.8. This resulted in 

the incompletely spheroidized structure shown in Fig. 11(a). 

Mechanical Behavior 

1 Tensile Beh.vior 

The results of tensile tests are listed in Table I and plotted versus 

anneal time in Fig. 7. Most tests were conducted at room temperature. 

Testing at -75 0C raised the yield and tensile strengths an average of 10 

and 15 ksi, respectively. The only.samples which did not exhibit yield 

point phenomena were the pearlitic structure and the incompletely spheroi-. 

dized specimens taken from the outer faces of the bar. rolled at 500°C. 

However, a Luder's strain appeared for the specimen taken from the central 	'I 

portion of the 500 0C rolled bar, as well as in all those specimens annealed 

after, rolling. Microhardness tests and examination of the microstructure 
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o 

across the thickness of specimen rolled at 500° C failed to show any 

variation with thickness. 

The yield stress was determined using either the load during the 

Luder's strain or, where no yield phenomena occurred, the load at 0.2% 

offset. 

Fracture Toughness Behavior 

The results of fracture toughness tests are listed in Table II. 

The most striking feature of the test is the wide variation in 

fracture surface appearance, shown in Fig 8 Whereas the pearlitic 

structure cleaved at both -150C  and room temperature, the fracture sur-

face appearance of the spheroidized samples varied from a heavily serrated 

form of ductile rupture to predominantly cleavage rupture. A comparison 

of the fracture surfaces of Fig. 8 with the toughness data of Table II 

indicates that this serrated mode of failure enhances toughness. In 

case of failure by a mixed mode of cleavage and serrated ductile rupture 

the latermode appears in the central portion of the fracture surface. 

The serration effect is reduced at longer annealing times. 

Stress Wave Emission Results 

Several examples of stress wave emissions are shown in Figs. 10,12, 

• ]Jt-i6 and 18 with the regions of the load versus COD curve from which 

they are taken marked on the curve. Stress wave emission from the samples 

• 	 of Figs. 10 and 12 were recorded at a high pass of 15 kHz and a gain of 	• 

36,000 while the stress waves shown in the remaining figures were 

recorded at a high pass of 5  kHz and a gain of 90,000 The number of 

stress waves counted prior to.maximum load for several specimens are 

listed in Table III. 
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C. Microscopy 

• 	
1. Metallography 

The low resolution of the optical microscope at 2000 made examina-

tion of the fine particle sizes of samples rolled at 500 ° C difficult 

(see Fig. ii). For this reason, and since the micro structure s were not 

completely spheroidized, particle size measurements were not attempted 

on samples rolled at 500°C 

It can be seen from several of the photomicrographs that carbides 

are located predominantly at grain boundaries. 

The results of quantitative microscopic analysis on selected 

samples are shown in Table IV Figure 19 shows the distribution of 

apparent transverse particle sizes for the two samples most widely 

separated in particle density of those analyzed. 

2. Fractography 

The most prominent fractographic feature of the samples of this 

investigation is the formation of longitudinal "chimneys" during ductile 

fracture. From Figs. 13 and 20 it appears that these chimney coalesce 

parallel to the crack growth direction to nucleate the macroscopic 

serrations Traces of these chimneys are observed on the faces of the 

serrations. . 	. 	. 	.. 	 • 	• . 

• 	 a 
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IV. DISCUSSION 

Material Preparation 

Sherby obtained a yield strength of 130 ksi with 5 per cent 

elongation by rolling a eutectoid steel at approximately 5000C to a true 

strain of 2.0. This was accomplished in 14 passes with five minutes 

between each pass at a furnace temperature of 6000c. In addition, he 

found the yield strength to increase slightly and the ductility to triple 

upon annealing at 500 0C for 6000 minutes. In the present investigation 

the elongation increased upon annealing but as can be seen in Fig. 7 

no secondary hardening was observed. This could be a result of the con-

siderable difference in time at temperature during rolling as well as 

the smaller strain of 1.8 obtained. 

Sherby has suggested that edge cracking might be avoided by main-

taining a rectangular cross-section during rolling. 

Mechanical Behavior 

1. Tensile Tests 

The plot of yield strength versus the inverse square root of the 

mean intercept grain diameter of Fig. 21 agrees with the data of Fetch 

fr a .11% C steel. This would be expected. as long as c.arbides remain at 

the grain boundaries. The equation of this line follows the Hall-Fetch 
relation: 	

. . 

aLYS 	a0 + Cd 1/2 

/2  where a = 9,000 psi, C = 94,000 psi-in 	and d is the grain diameter in 

inches. 	. 	. 	 . 	 . . 	 . 
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The lack of a Luder's strain in the specimens rolled at 500
° C and 

machined from the bar surface, and its appearance in the specimen taken 

from the center of the -bar, imply that spheroidiZatiOfl was more complete 

at the center. However, the tensile strengths of these specimens adjusted 

to room temperature show no significant difference, which accounts for the 

uniform Vicker's hardness observer across the thickness of the bar. The 

fact that the yield strength and fracture toughness of these specimens 

correlates well with the remaining data suggests that the effect of in- 

complete spheroidiZatiOfl was minimal. 

The specimens rolled at 5000C and annealed for various times at 

5000C, in agreement with Sherby's data, showed no strain hardeningbut 

necked without exceeding the lower yield stress. 

2. Fracture Toughness Tests 

For strength levels of (KIC/aLYS) for materials similar to.those 

used in this Investigation, Brown and Srawld found that the specimen 

thickness, B, required for a valid plane-strain fracture toughness tests 

was B > 2.5 (K1/a5)2. Wesse °  found that for materials of the same 

yield strength as those presented here, a less stringent requirement of 

B ? (K1ckys)2 gave consistent values of KIC. Both of these criteria are 

shown in the plot of K/LyS vs. aLYS in Fig. 22, and It can be seen that 

only a-few fracture toughness values at -75 °C satisfy Wessel's criterion 

for Ki. - 	- 	- 	 - 

In Fig. 22 the samples are divided according to their particle 

densities. Since the yield strength depends only on the grain size for 

these materials, this plot shows the dependence of,fracture toughness on 

particle size. It can be seen that smaller particles give a higher 



-13- 

toughness than larger ones, especially at the -20 0C test temperature. 

Again, the ductile serration mode of failure predominates in these 

tougher specimens. 

Longitudinal cracks similar to those observed in this investigation 

were observed by Beachem et al. 1' in fracture tests of A302-B pressure 

vessel steel, and were attributed to stringer inclusions. Liu and 

Gurland12  observed the formation of cracks parallel to the tensile axis 

in the necked region of spheroidized plain carbon steel tensile specimens. 

These were nucleated from interfacial cracks at grain boundary carbides. 

3. Stress Wave EnissiOn 

Not enough stress wave data was analyzed to show clear trends with 

particle and grain size. In addition, the various high band passes used 

in filtering extraneous noise and the different gains used to amplify the 

accelerometer signal made stress wave comparisons of different samples 

and test temperatures difficult. However the data does show approximately 

an order of magnitude increase in stress wave activity at test tempera-

tures of -'15 °C above that at -20 °C. 

C. Microscopy 

1. Metallography 

Although the carbides in most samples were located at the grain 

boundaries, there was a tendency for more particles to be located within 

grains in samples rolled at 500 or 600°c and annealed at 600 or 700 0 C. 

Apparently the smaller particles formed at lower rolling temperatures 

are unable to pin grain boundaries at'the higher annealing temperatures. 

Unfortunately, the fraction of particles located at grain boundaries was 
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Fig.15. (A) the load versus crack opening displacement, (B) the stress 

• 

	

	 wave emissiOn and (C) the fracture surface of a specimen rolled 

at 6000 c without annealing and tested at -20 9C. 

Fig.16. (A) the load versus crack opening displacement curve, (B) 

• 	 the stress wave emission and (C) the fracture surface of a 

specimen rolled at 600° c, annealed at 6000 c for 3000 minutes 

and tested at -20°C. 

Fig.17. (A) the microstructure, and (B) the fracture surface at the 

fatigue-transgranular fracture transition of the sample of 

Fig. 18. The arrow shows the general direction of the crack 

propagation. 

Fig.18. (A) the load versus crack opening displacement curve, (B) 

thre stress wave emission and (C) the fracture surface of a 

specimen rolled at 600 0c, annealed at 600 0 c for 3000 minutes and 

tested at -750C. 

Fig.19. The apparent transverse particle size distribution of the speci-

mens with the most widely separated particle densities of those 

analyzed. The upper distribution was for a specimen rolled at 

6000 c without annealing and the second is for a specimen rolled 

at 600° c and annealed at 700°C for 6000 minutes. The particle 

densities were obtained by the method of Saltvkov 9 , with the 

• particles divided into seven size groups. 

Fig.20. (A) the region of slow crack growbh between fatigue and brittle 

fracture regions showing coalesced "chImneys" (B)a closer view 

of a serration surface showing what might be particle fragments 

on the wall of the "chimney". 
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This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
in formation, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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