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The fracture behavior of two heats of AF1410 steel has been investigated for two aging tempera- 
tures, 425 ~ and 510 ~ The first heat, modified by deliberate lanthanum additions, contains 
lanthanum-rich inclusions characterized by an inclusion spacing of 7.6/xm. The second heat, not 
modified by lanthanum additions, contains a comparable volume fraction of much smaller CrS in- 
clusions characterized by an inclusion spacing of 2.3/xm. Of the mechanical properties measured, 
only the toughness appears to be influenced by inclusion type. For example, on aging at 5 l0 ~ 
8,c, the critical value of the crack tip opening displacement, for the lanthanum modified heat is 
66/xm compared to 28/xm for the heat containing CrS inclusions. This influence of inclusion type 
is attributed to the larger spacing of the inclusions in the lanthanum modified heat. In addition, for 
both heats the toughness on aging at 5 l0 ~ was higher than after aging at 425 ~ Particle analysis 
from extraction replicas of polished cross-sections of as-quenched materials and of fracture surfaces 
of the 425 ~ and 510 ~ microstructures indicates that on aging at 510 ~ only undissolved parti- 
cles inherited from the austenitizing temperature nucleate secondary voids, but that on aging at 
425 ~ carbides precipitated on aging nucleate secondary voids as well. 

I. INTRODUCTION 

THE fracture initiation toughness of ultra high strength 
steels can be influenced by the inclusion type and spacing, 
the microstructural parameters established during austeni- 
tizing, and how the microstructure evolves during aging or 
tempering. The theoretical treatment of Rice and Johnson tll 
suggests that the critical value of the crack tip opening dis- 
placement, 8ic, will scale with the inclusion spacing, X0, at 
least over some range of X0. This prediction appears to be 
in accordance with experimental studies, ]2'31 at least as long 
as certain requirements are met. These requirements appear 
to include that the inclusions can be regarded as pre-existing 
voids and that the microstructure remains otherwise con- 
stant. The austenitizing treatment will, for a given alloy 
composition, largely determine the characteristics of the 
undissolved particles (such as undissolved carbides) and the 
prior austenite grain size. These undissolved particles can 
affect the fracture behavior directly if they actually nucleate 
voids and indirectly through their influence on prior austen- 
ite grain size. Aging can influence the fracture behavior di- 
rectly if particles precipitated on aging nucleate voids and 
indirectly by altering the flow characteristics of the matrix. 

The work of Speich et al. [4] provides an example of how, 
by control of composition and aging temperature, micro- 
structures with very high toughness can be obtained. Ex- 
plicitly it was shown that microstructures achieved by 
replacing cementite with very fine dispersions of alloy car- 
bides precipitated during aging possess extremely high lev- 
els of toughness. It was suggested that the high toughness 
was possible because the fine alloy carbides were too small 
to nucleate voids. This work led to the development of 
HY180 steel (0 .11C/10Ni/8Co/2Cr/1Mo),  in which the 
alloy carbides precipitated on aging are M2C type carbides 
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where the M is Cr and Mo. Cobalt additions were used to 
enhance the secondary hardening strengthening. The car- 
bon, chromium, and molybdenum levels are such that on 
aging at 510 ~ only fine alloy carbides are precipitated. 

of 1250 MPa At this aging temperature yield strengths _ 
and fracture toughnesses of over 200 MPaX/m have been 
achieved. This basic microstructure has been exploited in 
the development of the steel AF1410, I5'61 which is identical 
to HY180 except for increased carbon and cobalt contents 
(0.16C and 14Co). The increased cobalt is used to enhance 
further the secondary hardening reaction. This steel is 
presently commercially available and on aging at 510 ~ 
yield strengths of 1550 MPa and fracture toughnesses of 
over 200 MPaV~m have been achieved. 

In an earlier study tT] of a commercially produced heat of 
AF1410, it was found that lanthanum additions had been 
made so that the inclusions in the steel were not MnS or 
CrS. Instead, the inclusions were rich in La and in most 
cases S. Based on the expected sequence tam of inclusion 
formation in La treated steels, these inclusions were proba- 
bly La oxides and La oxy-sulfides. The inclusion volume 
fraction was comparable to those of steels of similar sulfur 
levels in which the inclusions are MnS. However, the inclu- 
sions in the La modified heat of AF1410 were much larger 
and more widely spaced than the MnS inclusions in steels 
produced by a vacuum induction melting and subsequent 
vacuum arc remelting (VIM/VAR) practice. [3,10] It was con- 
cluded on the basis of previous studies of low alloy ultra 
high strength steels that the high fracture toughness of the 
commercially produced AF1410 could be partially attributed 
to the relatively large inclusion spacing. Further, it was pre- 
dicted that if the La-rich inclusions were replaced by the 
same volume fraction of inclusions of the smaller size and 
spacing as normally encountered in VIM/VAR materials, 
the fracture toughness of AF1410 aged at 510 ~ would de- 
crease to about 130 MPaVmm. 

The purpose of  this present work was to compare the 
fracture behavior of two heats of AF1410. One heat 
has been modified by La additions and is characterized 
by an inclusion spacing of about 7 .6 /xm.  No deliberate 
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lanthanum additions were made to the second heat; the 
inclusions in this second heat were CrS at a spacing of 
2.3 /~m. The mechanical properties of  both heats were 
assessed after aging at 425 ~ the aging temperature of  
lowest toughness (see Figure 3), and after the commer- 
cial aging treatment of  510 ~ Thus the influence of 
inclusion type and spacing on the fracture behavior was 
assessed for two different microstructures. In addition, 
to determine the extent to which changing the aging tem- 
perature directly influenced the fracture behavior, the types 
and size distributions of carbides inherited from the aus- 
tenitizing treatment were determined from extraction 
replicas of  polished cross-sections of  asquenched mate- 
rial and these results compared to those obtained from 
extraction replicas of fracture surfaces for both the 425 ~ 
and 510 ~ microstructures. The data on inclusion spac- 
ing and fracture initiation toughness have been sum- 
marized previously, fill 

II. EXPERIMENTAL PROCEDURE 

A. Materials and Processing 

Material from two heats of AF1410 were evaluated. The 
first heat (heat 1) was melted by Cytemp, employing a lan- 
thanum addition during vacuum induction melting to mod- 
ify inclusion type. The second heat (heat 2), prepared by 
Teledyne Allvac, was also vacuum induction melted al- 
though no deliberate lanthanum additions were made. Both 
heats were vacuum arc remelted prior to forging. The in- 
gots were forged to blooms and subsequently rolled to 
114 mm diameter round bar. Initial hot working was per- 
formed at 1175 ~ with final hot working begun at approxi- 
mately 980 ~ with finishing temperatures below 870 ~ 
All bars were supplied in the normalized (900 ~ hours- 
air cool) and overaged conditions (680 ~ hours-air cool), 
as specified in AMS 6427. tl2~ The compositions of both 
heats after vacuum arc remelting are given in Table I. Note 
the La content of heat 1 was 0.008 wt pct and that of heat 2 
was less than 0.002 wt pct. 

Oversized specimen blanks for all mechanical tests were 
cut from the as-received bars prior to heat treatment. All 
specimens were oriented such that the axis of load applica- 
tion was in the principal hot working direction (longitudinal 
direction) and crack propagation was in the transverse di- 
rection (L-T orientation). All specimens were first held at 
899 ~ for 1 hour and then air cooled, austenitized at 823 ~ 
for 1 hour and oil quenched, followed by aging at either 
425 ~ or 510 ~ for five hours. After aging, all samples 
were water quenched. Austenitizing was carried out in a 
vertical tube furnace under flowing argon, and aging treat- 
ments were conducted in neutral salt baths. 

B. Mechanical  Properties 

The mechanical  propert ies determined were smooth 
axisymmetric tensile properties, plane strain tensile proper- 

ties, the Charpy impact energy, and the fracture initiation 
toughness. 

Standard 6.4 mm round tensile specimens with a 25 mm 
gage length were utilized to determine conventional tensile 
properties such as yield strength, ultimate tensile strength, 
elongation (pct el.), reduction in area (pct RA), and frac- 
ture stress, in accordance with ASTM E8 .  [13] Loads at 
0.2 pct offset displacement were used to calculate yield 
strength values. Specimen surfaces were prepared by grind- 
ing the gage length region with 600 grit SiC paper after ma- 
chining. Initial gage lengths were marked on the specimens 
using calibrated one-inch punch marks. Tensile tests were 
conducted at room temperature using an Instron model 1125 
screw driven machine at a crosshead speed of 0.5 mm/min.  
Specimen displacement was continuously measured up to 
and slightly past maximum load, using a strain gage exten- 
someter. In addition to conventional strength and ductility 
measurements, strain hardening exponents were calculated 
by assuming a simple power law behavior for post yield de- 
formation, as described in ASTM E646. tl< True stress and 
true plastic strain data from approximately the proportional 
limit to the point of maximum load were used in the calcu- 
lation of the strain hardening exponent. 

The dimensions of  the plane strain tensile specimens 
utilized in this study are illustrated in Figure 1. These 
specimens were similar to those first reported by Corrigan 
et al., ~151 in that w / B / t  was in the ratio of 30/3/1,  where 
w = width of the reduced section, B = length of the re- 
duced section, and t = thickness of the reduced section. 
Corrigan et al., t151 by measuring strain patterns on gridded 
specimens, demonstrated that these conditions are neces- 
sary to insure full plane strain constraint and subsequent 
elevation of yield strength, as expected from the Von Mises 
yield criterion. The design of this specimen provides a 
higher degree of constraint than the Clausing type speci- 
men [16'17] often utilized by other investigators, tlS'19J 

Experimental observations by Clausing I16'171 and the theo- 
retical considerations of Tvergaard et al., t20j dealing with 
surface imperfections, which might simulate grinding lines, 
suggest that plane strain ductility may be affected by the 
specimen surface condition. For this reason, both surfaces 
of the reduced section were carefully prepared prior to test- 
ing to insure that only microstructural influences on plane 
strain ductility were measured. Both sides of the reduced 
section were sequentially ground with 240, 320, 400, and 
600 grit SiC papers fastened to a steel block of slightly 
smaller dimension than the length of this section. After 
grinding, these surfaces were polished with 6 /zm and 1/zm 
diamond paste using a nylon polishing cloth fastened to the 
same steel block. These surfaces resembled typical metallo- 
graphic specimens after completion of this procedure. Prior 
to testing, the thickness of the reduced section of each spec- 
imen was measured with a knife edge micrometer at five 
places along the width of the specimen. The initial thick- 
ness of the specimen was considered to be the average of 
these measurements. 

Table I. Compositions of Two Heats of AF1410* 

Alloy C Co Ni Cr Mo V Mn P S Si A1 O N La 
Heat 1 (La) 0.16 14 10.1 2.1 1.0 0.001 0.03 0.004 0.001 0.03 0.003 0.0009 0.0003 0.008 
Heat 2 0.16 14 9.97 2.04 1.0 0.001 0.001 0.004 0.001 0.01 0.003 0.001 0.0009 <0.002 
*Compositions in wt pct; O and N are total. 
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Fig. 1 - - A  schematic of the plane strain tensile specimen used in this study. 

Plane strain tensile specimens were pin loaded and pulled 
to fracture at a displacement rate of 0.1 mm/min in either a 
10,000 kg screw driven Instron tensile testing machine or 
in a 50 kip MTS servohydraulic test frame. A diametral ex- 
tensometer equipped with specially machined, adjustable, 
needle-point contact arms was used to monitor thickness 
contraction during the test. Plots of load vs thickness con- 
traction were obtained until fracture as the diametral strain 
gage was not removed prior to fracture. Yield strength 
(0.2 pct offset) and ultimate tensile strength data plane 
strain were obtained from these tests. In addition, the 
plane strain ductility was determined from the following 
expression:t16] 

ey.es = ln( to/ ty ) [11 

where to = initial thickness of reduced section and t I = final 
thickness of reduced section. The final thickness was deter- 
mined by viewing the fracture face of the specimen along 
the tensile axis in a traveling microscope and measuring the 
projection of the minimum dimension. The final thickness 
values were the averages of traveling microscope measure- 
ments over the central 75 pct of the width of the reduced 
section. The measurements were limited to this central re- 
gion since Anand and Spitzig t~9j have demonstrated that it 
is in this region that plane strain conditions are assured 
to exist. 

Impact toughness values were measured at room temper- 
ature using the standard blunt notch Charpy V-notch speci- 
men in accordance with ASTM E23.t2u Duplicate specimens 
were tested for the microstructures investigated. A Baldwin 
240 ft.-lb, impact testing machine was used. 

Fracture initiation toughness levels were determined by 
the J-integral fracture toughness test method according to 
ASTM E813-81, I=~ using the single specimen unloading 
compliance method, t231 Compact tension specimens with- 
out side grooves were used. All tests were performed in a 
50 kip MTS servohydraulic closed loop testing system. Af- 
ter precracking in accordance with ASTM E813-81,t221 speci- 
mens were loaded under stroke control at a displacement 
rate of 0.5 mm/min.  Load and load-point displacement 
were continuously recorded during the test. Load-point dis- 
placement was measured using an extended arm displace- 
ment gage attached to razor blades which were fastened to 
the specimen at the load line using Superglue brand adhe- 
sive. During testing, the specimens were partially unloaded 
by an amount never exceeding 15 pct of the current load at 
intervals of approximately 0.05 to 0.10 mm (0.002 to 
0.004 in.) crack mouth opening displacement. The unload- 
ing portion of the load-deflection curves was magnified 

10• using a zero suppression circuit and recorded auto- 
graphically on a separate X-Y recorder. Unloading compli- 
ance slopes were obtained from these curves. Crack lengths 
were estimated from the compliance calibration relationship 
provided by Saxena and Hudak. r241 Special flat bottomed 
clevis grips, as described in ASTM E813-81,t221 were uti- 
lized in an attempt to minimize the hysteresis loop gener- 
ated during this un load ing- re load ing  sequence .  The 
resultant magnified unloading slopes were generated with 
minimal hysteresis. Tests were stopped after each specimen 
exhibited approximately 1.52 mm (0.060 in.) of stable crack 
growth as estimated by the compliance technique. The ac- 
curacy of the compliance measurement system was con- 
firmed for at least one specimen from each material and 
heat treatment condition by heat tinting the actual physical 
crack extension. This involved heating the specimens to 
350 ~ for thirty minutes prior to fracturing them open at a 
rapid rate in the MTS machine. In all cases, reported Jlc 
values corresponded to tests in which measured changes in 
physical crack length agreed with values estimated from 
compliance measurements within 15 pct. In addition,'initial 
fatigue crack lengths estimated from the compliance mea- 
surements agreed with the actual fatigue crack lengths 
within 5 pct in all cases. J values were calculated using the 
modified Merkle-Corten I251 relationship, and J values were 
not corrected for crack growth. Graphical integration methods 
were used to measure the area under load-deflection curves. 
All Jzc values reported are based on linear regression analy- 
sis of J - A a  points within the exclusion lines defined in 
ASTM E813-81. 

C. Microstructural  Examinat ion  

All specimens for light and electron metallography were 
cut from fractured Jzc or Charpy impact specimens. Sam- 
ples for microstructural and second phase particle charac- 
terization at both the optical and scanning electron (SEM) 
level were mounted in blue diallyl phthalate mounting ma- 
terial and prepared by sequential grinding through 120, 
240, 320,400, and 600 grit silicon carbide papers followed 
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by 6 /zm and 1 /zm diamond polishing compounds on ny- 
lon polishing cloth. The time spent during polishing with 
diamond paste was limited to approximately one minute 
during each step. Final preparation consisted of a brief pol- 
ish (-~ 15 to 20 seconds) using 0 .06 /zm silica (Buehler 
Mastermet solution) on a low nap Buehler Chemomet 
cloth. This procedure resulted in almost complete retention 
of nonmetallic inclusions. All polished specimens which 
were examined in the SEM were made conductive by ap- 
plying copper tape across the specimens and further en- 
hancing contact with silver paint. 

The microstructures were examined optically in both the 
longitudinal and transverse planes after etching in Vilella's 
reagent [26] using a Reichert Ultrastar metallograph. Here, 
the longitudinal plane is defined as the plane whose normal 
is parallel to the principal hot working direction while a 
transverse plane is characterized by a normal which coin- 
cides with the transverse direction with respect to hot work- 
ing. The extent of microstmctural banding was characterized. 
In addition, prior austenite grain size measurements were 
obtained from polished longitudinal specimens after etch- 
ing in a 4 pct picral solution in methanol containing a few 
drops of zepherin chloride as a wetting agent. Linear in- 
tercept grain sizes were determined according to ASTM 
El l2  t27] using the Hilliard circle method. A minimum of ten 
fields was examined for the grain size determinations. 

The retained austenite levels present after heat treat- 
ment for all of the materials and heat treatment conditions 
tested were determined by the direct comparison X-ray tech- 
nique developed by Averbach and Cohen t28] as modified by 
Miller. I29] Measurements were made using molybdenum ra- 
diation with a Rigaku X-ray diffractometer, operating at 
40 kV and 20 mA and a scanning rate of 0.2 deg/minute. 
Flat specimens were prepared in the same manner as for the 
specimens for metallography. However, the specimen sur- 
face was etched and repolished with 0 .06/zm silica three 
times in an attempt to eliminate surface effects due to stress 
induced transformation of austenite. 

D. Second Phase Particle Characterization 

Average nonmetallic inclusion radii and volume fractions 
were measured for each material. Plane polished specimens 
prepared in the manner described in Section C were exam- 
ined in a Camscan series 4 scanning electron microscope 
equipped with a backscattered electron detector and a PGT 
System 4 energy dispersive X-ray spectrometer. Measure- 
ments were obtained from as-quenched samples for all ma- 
terials to avoid the possibility of imaging larger tempered 
carbide particles. The transverse plane was used for all 
measurements. To insure that results were not substantially 
affected by inclusion shape, confirming measurements 
were performed for each heat in at least one heat treatment 
condition on a longitudinal plane. Measurements of the ap- 
parent diameters of at least 150 inclusion particles were ob- 
tained for both materials from random SEM backscattered 
electron micrographs at a magnification of 2000 x for heat 1 
and 4000x for heat 2. The chemical compositions of ap- 
proximately twenty particles from every sample examined 
were qualitatively determined by energy dispersive methods. 

In addition to the characterization of nonmetallic inclu- 
sion particles, the characteristics of additional undissolved 
particles were examined through the use of carbon extrac- 

tion replicas of polished cross-sections. Only the as-quenched 
conditions were examined so that only particles present 
during a given austenitizing treatment or formed during 
cooling from these treatments would be captured. Single 
stage carbon extraction replicas were prepared from speci- 
mens that were etched for 3 minutes in 5 pct HNO 3 in 
ethanol after first being polished to 1 /xm diamond and 
cleaned several times with cellulose acetate replica tape. 
Etched specimens were shadowed at ~15 deg with Pt-C 
followed by vertical deposition of a thin (~700 to 1000 A) 
layer of carbon. Shadowed replicas were utilized in an ef- 
fort to assess extraction efficiency, as suggested by Stumpf 
and Sellars. I3~ The coated surfaces were scribed with a ra- 
zor blade into 2 mm squares and the replicas were etched 
free in 10 pct HNO3 in ethanol. These carbon films were 
then captured on 200 mesh copper grids and washed in a se- 
ries of three ethanol rinses and one distilled water rinse. 
Replicas were examined in a JEOL 200CX TEM operating 
at 120 KV. Particle size distributions were obtained from 
particle size measurements performed on 33,000X TEM 
bright-field micrographs. A number of the extracted par- 
ticles were analyzed for chemical composition using the 
Scanning Transmission Electron Microscope (STEM) fea- 
ture available on the Phillips 400 TEM in conjunction with 
a PGT series 4 EDS system or by simply converging the 
beam onto a particle and performing the microanalysis. 
EDS analysis was complicated by peak overlap due to the 
Pt shadowing. Therefore, additional samples not shadowed 
with Pt were examined. In addition, an attempt was made 
to estimate the volume fraction of the second phase particles 
extracted in this manner using the following expression: t3~ 

f = o~" N "  (~2 + 0.2) 

wheref  = volume fraction, 
a = 7r/6 for the case of perfect extraction 

efficiency, 
N = number of particles per unit area 

obtained from lightly etched specimens, 
= arithmetic mean of particle distribution 

from heavily etched specimens, 
0. = standard deviation of particle size distribution 

obtained from heavily etched specimens. 

It must be remembered that estimates of volume fraction 
from extraction replicas are subject to wide variations due 
to errors in assessing extraction efficiency, particle section- 
ing effects, and assuring complete extraction of the entire 
particle size distribution. E3~] 

E. Fractographic Characterization 

The fracture surfaces of the J1c specimens for each ma- 
terial and heat treatment evaluated were qualitatively 
examined in the Camscan Series 4 SEM. For more quan- 
titative evaluation, random fractographs were taken at var- 
ious magnifications, depending on the relative scale of void 
sizes present, to quantitatively determine void sizes and the 
size of particles associated with these voids. All fracto- 
graphs were taken within a distance of 2 to 3 times the 
value of the critical crack tip opening displacement in the 
crack growth direction and near the mid-thickness of 
the specimen. Void size distributions as viewed normal to 
the macroscopic fracture plane for those voids containing 
.resolvable particles were determined from the fractographs. 

108--VOLUME 20A, JANUARY 1989 METALLURGICAL TRANSACTIONS A 



A minimum of 300 voids containing particles was mea- 
sured. In addition to the measurement of void size distribu- 
tions for voids containing particles, the overall average 
projected linear intercept void size was determined for all 
materials and heat treatments. This was accomplished in 
the same manner as described for prior austenite grain size 
measurements. 

In addition to fracture surface examination in the SEM, 
fracture surface extraction replicas were examined in the 
TEM to determine the nature of void nucleating particles 
which could not be resolved in the SEM. Freshly broken 
CVN specimens were first shadowed at 45 deg in the crack 
growth direction with Pt-C followed by vertical deposition 
of a heavy layer of carbon. Again, Pt shadowing compli- 
cated particle identification on the fracture surface replicas 
and was therefore eliminated from the procedure. These 
replicas were otherwise prepared for examination on the 
JEOL 200CX or Phillips 420 TEM by the same procedure 
described above for the plane polished extraction replicas. 

III. RESULTS 

A.  Mechanical Properties 

The axisymmetric tensile properties for both lots of ma- 
terial are presented in Table II. All mechanical property 
values listed are the average of a minimum of two tests. 
Note that the strength and ductility of these two heats were 
very similar for a given aging treatment. For a given heat of 
AF1410, increasing the aging temperature from 425 ~ to 
510 ~ resulted in an increase in the 0.2 pet offset yield 
strength but a decrease in the ultimate tensile strength con- 
current with a decrease in the strain hardening exponent. 
However, the flow stress or0, defined as the average of the 
yield and ultimate strengths, was practically independent 

of aging temperature for both heats. In addition, the duc- 
tility as measured by the pet elongation and pet RA in- 
creased modestly with increasing aging temperature. These 
results are very similar to those reported in the literature f7'321 
for this secondary hardening steel heat treated in a simi- 
lar manner. 

The plane strain tensile properties of both heats were also 
very similar for a given aging treatment (see Table III). 
Consistent with the theoretical elevation of yield strength 
for a Von Mises material in plane strain, both the yield and 
the ultimate tensile strengths were elevated in plane strain 
for a given aging condition. This elevation in strength level 
for each material was approximately 12 pet compared to the 
theoretically expected increase of  15 pet and was similar 
to the values reported by Corrigan et al. ~151 for a variety 
of ultra-high strength steels. It should be noted that the 
plane strain ductility appeared to be more sensitive to aging 
temperature than the axisymmetric ductility. The ratios of 
axisymmetric fracture strain to plane strain tensile ductility 
were much less than the 0.25 value reported by Clausing rl61 
and Speich and Spitzig t33~ for materials of  similar tensile 
strength. The work hardening exponent in plane strain was 
lower than the axisymmetric work hardening exponent in 
all cases. Wagoner t34~ noted similar behavior in 2036-T4 
aluminum. 

Blunt notch Charpy impact energies for each heat and 
heat treatment condition are listed in Table III. Although 
the Charpy impact energy of the 425 ~ aging condition was 
similar for the two heats, the Charpy impact toughness of 
the La treated heat was considerably higher (heat 1-88 J) 
than the untreated heat (heat 2-61 J) after aging at 510 ~ 

Jic values are given in Table IV. Klc values (Ko for heat 1 
aged at 425 ~ were determined for the 425 ~ condition 
of both heats since these specimens exhibited pop-in behav- 
ior, making it impossible to perform J-integral testing. In 

Table II. Smooth Axisymmetric Tensile Properties 

UTS 0.2 Pet Offset Flow Pet Pet Fracture Fracture Stress 
Condition (MPa) YS (MPa) Stress (MPa)* Elong. RA Strain** (MPa)*** n 

425 ~ 

Heat 1 1749 1354 1552 16.0 61.7 0.96 2878 0.12 
Heat 2 1757 1398 1578 12.0 60.7 0.94 2851 0.11 

510 ~ 

Heat 1 1659 1503 1581 16.5 68.5 1.16 3028 0.09 
Heat 2 1699 1527 1613 18.0 68.5 1.16 3002 0.08 

* Flow stress = 0.5 (UTS + YS). 
** ln(Ay/Ao). 

*** Fracture stress not corrected for triaxiality due to necking. 

Table III. Plane Strain Tensile Properties and Charpy Impact Energies 

UTS 0.2 Pet Offset Fracture Strain CVN @ 25 ~ 
Condition (MPa) YS (MPa) Strain Hardening Exp. (Joules) 

425 ~ 

Heat 1 1965 1583 0.13 0.07 30 
Heat 2 1988 1600 0.14 0.09 28 

510 ~ 

Heat 1 1868 1715 0.20 0.05 88 
Heat 2 1866 1658 0.18 0.07 61 
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Table IV. Fracture Initiation Toughness 

Jlc glc or KIj O'o Sic 
Condition (MPa-m) (MPa~v/m) (MPa) n d,, (/xm)** 

425 ~ 

510 ~ 

Heat 1 - -  118.5" 1552 0.12 0.56 22.8 
Heat 2 - -  86.2 1578 0.11 0.56 12.0 

Heat 1 0.177 196.6 1581 0.09 0.60 66.3 
Heat 2 0.075 128.2 1613 0.08 0.60 27.9 

* KQ value. 
** 81c calculated from 8~c = d.Jlc/cro using Shih's values for d.. t481 

addition, KIj values, i.e., Ktc values computed from Jlc val- 
ues, are also provided in Table IV. Values of the critical 
crack tip opening displacement, 8lC, were computed from 
these data for the appropriate flow strengths and work hard- 
ening exponents for these materials. Note that the fracture 
toughness of the rare earth treated steel was significantly 
better than the untreated heat at both aging conditions in- 
vestigated. Heat 1 exhibited a calculated value of 81c of 
22 .8 / zm and 66 .3 /xm for the 425 ~ and 510 ~ aging 
treatments, respectively, compared to 12/xm and 27.9/zm 
for the second heat at the same aging treatments. 

B. Microstructural Characterization 

Based on the known hardenability of this alloy t321 and the 
estimated cooling rates (~20  ~ experienced by the 
fracture toughness specimens during quenching, the micro- 
structures would be expected to be fully martensitic after oil 
quenching except for some retained austenite.[32] The prior 
austenite grain size was found to be the same in both heats 
(14 ~m -+ 1.0/zm @ 95 pct confidence level). Examina- 
tion of the martensite packet structure at higher magnifica- 
tions in the SEM revealed that the lath packet sizes were 
between 6 and 10/xm. 

Optical examination of both heats of AF1410 revealed 
the presence of considerable microstructural banding, as il- 
lustrated in Figure 2. These banded regions appeared dark 
after etching and apparently resulted from the interdendritic 
segregation of elements such as C, Ni, Mo, and possibly 
Mn, as has been found for maraging steels. E351 AF1410 is 
more similar to maraging steels than standard low alloy 
ultra-high strength steels. 

The effect of aging temperature on retained austenite 
content and its mechanical stability were determined using 
a La modified heat investigated earlier.I7J These results 
(Figure 3) show that the retained austenite is about 6 pct 
in the as-quenched condition and decreases with increas- 
ing aging temperature until it reaches a minimum of about 
1 pct after aging at 475 ~ The retained austenite contents 
on aging at 510 ~ and 550 ~ were about 1.5 pct. X-ray 
diffraction was used to determine the retained austenite 
contents as a function of aging treatment for both heats ex- 
amined in the present study. Both heats exhibited the same 
retained austenite levels for a given aging treatment. These 
results were consistent with the results given in Figure 3 
and are summarized in Table V. 

I " ~  ~ " .... ! iS 

Fig. 2--Microst ructural  banding in AF1410 for (a) heat 1 and (b) heat 2. 

C. Bulk Second Phase Particle Characterization 

Based on the low sulfur (~10  ppm) and total product 
oxygen contents (~10 ppm) of these heats, both were ex- 
pected to be very clean from a nonmetallic inclusion stand- 
point. In fact, it was difficult to resolve by light microscopy 
the inclusion particles in heat 2. However, in heat 1, light 
microscopy revealed strings of individual, nearly spherical 
particles on the T-plane (i.e., plane parallel to the hot 
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Fig. 3--The Charpy impact energy, yield strength, and vol pct austenite 
levels of AF1410 plotted as a function of aging temperature. The curve 
for 0 pct strain is the amount of austenite after aging. The curves for 
0.2 pct and 2 pct strain indicate the amount of austenite when the material 
is strained to these levels. Retained austenite measurements were by a 
magnetic saturation technique. [49] 

Table V. Retained Austenite Measurements 

Aging Vol. Fraction 
Material Temperature ( ~  Retained Austenite 

Heat 1 425-5 hours 2.0 pct 
Heat 2 425-5 hours 2.2 pct 
Heat 1 510-5 hours 1.2 pct 
Heat 2 510-5 hours 1.0 pct 

working direction), as illustrated in Figure 4. These strings 
of particles were very widely spaced (=300 to 400/zm) in 
the short transverse direction and were normally located 
within the dark etching microstructural bands or at the 
interface between the light and dark etching regions. Par- 
ticles within the strings were generally much larger ( ~ 4  to 
10/zm diameter) than the average inclusion size. Very few 
such strings were observed in heat 2, and those present 
were even more widely spaced (~1000/zm)  than those in 
heat 1. 

The inclusion volume fraction and average inclusion size 
were determined from measurements  made on random 
2000• SEM micrographs for heat 1 and 4000x micro- 

Fig. 4- -  Micrograph illustrating strings of inclusion particles in rare earth 
treated AF1410 heat: (a) low magnification view of typical spacing in 
short transverse direction and (b) higher magnification view showing 
shape of individual particles. 

graphs for heat 2. A higher magnification was used for heat 
2 because of the much smaller inclusion size. Typical in- 
clusions for each heat were nearly spherical in all cases, 
with an average apparent aspect ratio of 1.08 for heat 1 and 
1.03 for heat 2. Average true inclusion radii, R0, were 
determined from the apparent inclusion diameters using the 
expression R0 = 7r/4.  H ( D )  [36] where H(D) is the har- 
monic mean of the apparent diameter (D). Average three- 
dimensional nearest neighbor inclusion spacings (X0) were 
obtained from the following relationship: I31] 

X 0 = 0.89 "Ro'f  - l /3 w h e r e f  = volume fraction 

The results of these calculations are presented in Table 
VI. Note that the average inclusion radius in heat 1 (La 
treated) was larger (R 0 = 0 .64 /xm)  than that in heat 2 
(R0 = 0.18). This difference in size at nearly the same vol- 
ume fraction produced more widely spaced inclusions in 
heat 1 (X0 = 7.6/xm) compared to heat 2 (X 0 = 2.3/xm). 

Two principal types of inclusions were found to exist in 
the rare earth treated heat, as indicated by energy dispersive 
analysis of composition. Larger inclusions (2 to 5 /xm di- 
ameter) exhibited a multi-phase appearance and were found 
to be of complex composition containing principally La 
and various small amounts of P, As, and S. These were 
most likely oxy-sulfides possibly in conjunction with LaP 
and La2As. Figure 5(a) shows one of these complex oxy- 
sulfides along with a representative EDS spectrum." The 
particles found in the strings were of similar composition 
but even larger. Smaller particles (0.5 to 2 .0 /xm diameter) 
were also present which were found to contain only La and 
S (see Figure 5(c)). This was consistent with the expected 
sequence of inclusion formation in rare earth treated steels 
in which rare earth oxides form first followed by oxy- 
sulfides, then by sulfides, and then finally by rare earth 
phosphides and/or arsenides.[8'9] In contrast,  the inclu- 
sions in heat 2 consisted predominantly of smaller particles 
(0.1 to 0 .8 /xm diameter) containing large amounts of Cr 
and S. No Mn could be detected in these particles. Only a 
few larger inclusions containing principally A1 with small 

Table VI. Inclusion Characteristics 

Material f Ro (/~m) Xo (/~m) 

Heat 1 (La) 0.00042 0.64 7.6 
Heat 2 0.00034 0.18 2.3 
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Fig. 5 Typical nonmetallic inclusions in La-treated AF1410 heat. (a) Complex particle containing La, P, S, and As. (b) EDS spectrum for particle 
shown in (a). (c) Spheroidal lanthanum sulfide. (d) EDS spectrum for particle shown in (c). 

amounts of calcium were observed, indicating that these 
particles were most likely complex calcium aluminate de- 
oxidation products. From this information, it was con- 
cluded that the smaller particles were sulfides of the Cr~ Sy 
type, possibly containing small amounts of Mn and/or Fe. 
This is consistent with the observations of Brammar, t371 
who suggested that if the Cr/Mn ratio exceeds 12/1, as it 
does in heat 2, then CrTS 8 may be the predominant sulfide 
type in lieu of MnS. A typical EDS spectrum of these inclu- 
sions is shown in Figure 6. 

A comparison was made of the undissolved particles 
present in each heat after quenching from the austenite 
region using the carbon extraction replica procedure de- 
scribed earlier. For both heats most of the particles were 
found to be rich in Mo with smaller and varying amounts of 
Cr and sometimes Ti, as illustrated in Figure 7. They were 
identified as hcp M2C carbides by electron microdiffraction 

analysis. However, again for both heats, a few particles 
were found which were rich in titanium and possessed an 
fcc crystal structure with lattice spacings similar to TiN or 
TiC. Size distributions were obtained for the particles on 
the extraction replicas and no significant size difference 
(95 pct confidence level) between the two heats could be 
detected. A comparison of  the average diameters and 
estimated volume fractions of these heats is presented in 
Table VII. Heat 1 exhibited a somewhat higher volume 
fraction than heat 2, but the difference is well within the 
accuracy in determining volume fraction by this method. 

D. Fractography and Fracture Surface Particle 
Characterization 

Low magnification photos of the fracture surfaces of 
compact tension specimens are presented in Figure 8 for 
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Fig. 6 (a) TEM extraction replica fractograph illustrating chromium 
sulfides in primary voids of heat 2. (b) Representative EDS spectrum for 
chromium sulfide particles. 

each heat and aging treatment. All surfaces exhibited a dull 
gray, fibrous appearance with no evidence of  bright cleav- 
age areas at these magnifications. The difference in tough- 
ness level between the two heats can be inferred by com- 
parison of  the extents of  shear lip formation on the sides of  
these specimens. For  a given aging temperature, a larger 
shear lip region was apparent for heat 1. Also,  note the 
well-developed periodic lines perpendicular to the crack 
growth direction present on the fracture surface of  heat 1 
aged at 510 ~ These lines were very similar in appearance 
to the "fractographic lines" normally present in maraging 
steels and previously described by Yoder. E3s] 

Fracture of  Jzc specimens of  heat 1 occurred entirely by a 
microvoid coalescence mechanism after aging at 425 ~ 
and at 510 ~ (Figures 9(a) and 9(b)). In both cases, the 
fracture surfaces were covered by two distinct void dis- 
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(b) 
Fig. 7 High magnification TEM bright-field image from extraction 
replica of polished cross-section of as-quenched material showing typical 
undissolved M2C particles in AF1410 heat 1 and a representative EDS 
spectrum of these undissolved particles. 

tributions. One distribution consisted primarily o f  larger 
voids, most of  which contained inclusion particles resolv- 
able in the SEM. Some of  these particles were shattered, 
indicating void nucleation by a particle fracture mechanism 
while others were not fractured, indicating nucleation by 
interface decohesion (Figure 10). As determined by energy 
dispersive spectroscopy, the shattered particles were nor- 
mally the complex inclusions, but only La and S could be 
detected in most of  the particles which were not fractured. 
The secondary void distribution was made up o f  smaller 
voids which contained no particles resolvable in the SEM. 

Table VII. As-Quenched Polished Surface Carbon Extraction Replica Data 

Average~ Standard Number of 
Material Diameter (A) Deviation (A) Particles Ns (#//xm 2) f X0 (/xm) 

Heat 1 251 153 180 5.1 0.0023 0.084 
Heat 2 234 170 222 3.3 0.0016 0.089 
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Fig. 8 - -Low magnification photographs of fractured compact tension specimens of AF1410: (a) heat 1,425 ~ (b) heat 1,510 ~ (c) heat 2, 425 ~ 
(d) heat 2, 510 ~ 

Qualitatively, the size of the voids associated with the in- 
clusion particles in heat 1, i.e., the primary voids, appeared 
to increase after aging at 510 ~ compared to aging at 425 ~ 
In addition, the percentage of the fracture surface covered 
by these primary voids appeared to increase for the 510 ~ 

condition. These qualitative observations were confirmed 
by quantitative fractographic measurements, as summa- 
rized in Table VIII. For heat 1 the average void radius, Rv, 
of the voids containing inclusions increased from 2.83/~m 
for aging at 425 ~ to 5.52 /zm for aging at 510 ~ as 
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Table VIII. Quantitative Fractographic Information 

o Rg R~ Rv Rv 
Condition (/zm) (/zm) (/zm) (Rv/Rl)avg (Rv/RI)[Ro (/zm) A] cc 

425 ~ 

Heat 1 0.64 0.58 2.83 5.6 4.7 1.10 0.37 
Heat 2 0.18 0.19 1.25 7.1 6.7 0.76 0.25 

510 ~ 

Heat 1 0.64 0.72 5.52 9.2 8.6 1.79 0.12 
Heat 2 0.18 0.18 1.65 9.9 9.2 0.81 0.12 

R0 s is average inclusion radius determined from polished cross-sections. R v is the average size of all voids. 
R~ is average inclusion radius determined from fracture surfaces. ,4] ~ is area fraction of secondary voids. 
Rv is the average size of voids containing inclusions. 

determined from random 1000•  SEM fractographs. In 
addition, the mean  radius of all of  the voids on the frac- 
ture surface increased from 1 . 1 0 / x m  at 425 ~ to 1.79 
/zm at 510 ~ Estimates of the area fraction of  inclusion 
nucleated voids (primary voids) vs secondary voids were 
made for each aging condit ion,  us ing a point  count ing 
approach on representative fractographs. The area frac- 
tion of pr imary voids increased from approximately 0.63 
for the 425 ~ aging condi t ion to 0.88 for the 510 ~ 
treatment.  Inclus ion size measurements  were made on 

the inclusions remain ing  on the fracture surface for each 
aging treatment.  The fracture surface average inclus ion 
radius,  R F, was found to be smaller  than the bulk  inclu-  
sion radius,  R0 s, for heat 1 at 425 ~ while  it was found 
to be larger for heat 1 at 510 ~ It should be noted that 
it was very difficult  to determine the size of individual  
particles remain ing  on the fracture surface of the rare 
earth treated steel since many  of these particles were 
fractured into numerous  pieces, as shown in Figures 9 
and 10. The inclus ion radii (RI) of these fractured 

Fig. 9--SEM fractographs near zone of Jtc compact tension specimens for (a) heat 1,425 ~ (b) heat 1, 510 ~ (c) heat 2, 425 ~ (d) heat 2, 510 ~ 
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Fig. 1 0 - - T E M  bright-field micrographs of fracture surface extraction replicas showing (a) shattered complex La oxy-sulfide particle and (b) a spherical 
inclusion containing La and S. 

particles were estimated by measuring the size of  each 
of the individual pieces of  the fractured particles within 
a given void and assuming that each piece was a sphere 
and then computing the total volume of these individual 
pieces. Rt was then taken as the radius of  a sphere with 
volume equivalent to the total volume of the individual 
pieces. Finally, to characterize the extent of  void growth 
for the inclusion nucleated voids, distributions of Rv/RI 
vs R~ were obtained. Both the average value of  the extent 
of void growth term, Rv/R~, and the extent of void growth 
evaluated at the average inclusion radius ((Rv/Rt)IR o for 
heat 1, are reported in Table VIII.  

Typical SEM fractographs obtained from compact ten- 
sion specimens for heat 2 at each aging temperature are 
presented in Figures 9(c) and (d). Fracture at both aging 
temperatures occurred principally by the process of micro- 
void coalescence with two different void size distributions. 
However, the distributions were not as distinctly different 
as the void size distributions noted in heat 1. One set of 
voids consisted of inclusion nucleated voids in which the 
particles could be resolved in the SEM while the other set 
again consisted of voids in which no particles could be re- 
solved. The inclusions on the fracture surfaces in heat 2, 
which were in general much smaller than in heat 1, con- 
tained only Cr and S according to their EDS analysis. None 
of these particles was found to fracture. 

As was the case for heat 1, the void sizes on the fracture 
surfaces of  compact tension specimens from heat 2 ap- 
peared to increase when the aging temperature was raised 
from 425 ~ to 510 ~ and the area fraction of the secondary 
voids appeared to decrease. Again this was confirmed b y  
measurements of individual inclusion nucleated voids and 
overall average void sizes obtained from random 2000• 
SEM fractographs. The results of these measurements are 
summarized in Table VIII. The average inclusion nucleated 
void radius increased from 1.25/xm at 425 ~ to 1.65/xm 
at 510 ~ and the overall average void size increased from 
0.76/xm to 0.81 /xm, respectively. These increases in void 

sizes as the aging temperature was increased from 425 ~ 
to 510 ~ were not as dramatic as for heat 1. Also, R v for 
heat 2 was considerably smaller than for heat 1 at a given 
aging treatment. Similarly to heat 1, the area fraction of 
primary voids increased from 0.75 to 0.88 as the aging 
temperature was increased from 425 ~ to 510 ~ The av- 
erage fracture surface inclusion size, R F, was very similar 
to the bulk inclusion radius for both aging temperatures. As 
for heat 1, Rv/Rr was plotted as a function of Rt for both ag- 
ing temperatures. Both (Rv/R~)avg and (Rv/Rl)lRo increased 
with aging temperature. Unlike R v, (Rv/R,)IRo was larger 
for heat 2 at a given aging temperature. 

The fracture surfaces of J~c specimens for all four micro- 
structures were predominantly of ductile failure. However, 
it should be pointed out that J~c specimens of heat 2 aged at 
425 ~ exhibited isolated areas of intergranular fracture. 
These regions of intergranular failure could be found only 
in areas within about 300/xm from the end of the fatigue 
crack, as illustrated in Figure 11, and covered approxi- 
mately 5 pct of the area along the thickness direction within 
this 300 /zm strip. No such intergranular regions were 
found on fracture surfaces of heat 1 aged at 425 ~ In ad- 
dition, no such intergranular regions were present on the 
fracture surfaces of the Charpy impact specimens or the 
plane strain tensile specimens in either heat at any aging 
treatment. However, intergranular secondary cracks were 
present in compact tension specimens from both heats of 
AF1410 aged at 425 ~ These secondary cracks were also 
present in Charpy impact specimens from both heats after 
tempering at 425 ~ 

In addition to scanning electron fractography, fracture 
surface extraction replicas of both heats at each aging tem- 
perature were prepared and examined in the TEM. The pur- 
pose of this work was to identify the void initiating particles 
present in the secondary voids. 

Figure 12 shows the secondary voids on the fracture 
surface of heat 1 after aging at 425 ~ along with the 
second phase particles residing in them. Two secondary 
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Fig. 11- -SEM fractograph showing region of intergranular fracture near stretch zone of Jtc specimen from AF1410 heat 2 aged at 425 ~ 
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Fig. 12--TEM bright-field of fracture surface extraction replica of heat 1 
aged at 425 ~ and an EDS spectrum of a typical M2C type particle. 

particle types were present. Both were found to be of 
complex composition. Most of the particles contained 
principally Mo with smaller and varying quantities of Cr 
and Fe and sometimes Ti. A typical EDS spectrum for 
these particles is found in Figure 12. These molybdenum- 
rich particles were found to possess an hcp crystal struc- 
ture based on analyses of  both conventional electron 
diffraction patterns and microdiffraction patterns. A 
comparison of  lattice plane d-spacings from a number of 
diffra tion patterns yielded good agreement with the lat- 
tice spacings of Mo2C. The second type of particle pres- 
ent after aging heat 1 at 425 ~ contained principally Fe  
with smaller quantities of  Mo and Cr. A typical EDS 
spectrum for such a particle is shown in Figure 13. 
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Approximately 25 pet o f  the particles analyzed were 
found to be iron-rich. These particles are highlighted by 
arrows in Figure 13. Al though diffraction information 
was not obtained f rom these particles, their composi-  
tion was consistent with their being cementite. These 
particles were in general somewhat  larger than the 
molybdenum-r ich  particles. The types and relative 
amounts o f  the particles in the secondary voids o f  heat 
2 aged at 425 ~ were very similar to those described 
above for heat 1 aged at 425 ~ 

After aging at 510 ~ the secondary particles found on 
the fracture surface replicas for heat 1 and heat 2 were simi- 
lar; therefore, results after aging at 510 ~ will be presented 
only for heat 1. Particles associated with the secondary 
voids for heat 1 aged at 510 ~ are shown in Figure 14. 
These particles were identified as M2C by electron diffrac- 
tion and were found to contain principally Mo with smaller 
amounts of  Cr and Fe. In addition, a few of  these particles 
contained Ti. No Fe-rich particles were found in the sec- 
ondary voids after aging at 510 ~ However, a few parti- 
cles were found to be Cr-rich with some Fe present. 
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Fig. 13--TEM bright-field of fracture surface extraction replica of heat 1 
aged at 425 ~ and an EDS spectrum of the iron-rich particles found on 
the fracture surfaces of both heats aged at 425 ~ 
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Fig .  1 4 - - T E M  b r i g h t - f i e l d  o f  f r a c t u r e  s u r f a c e  e x t r a c t i o n  r ep l i ca  o f  hea t  1 
aged at 510 ~ with an EDS spectrum of the M2C type particles which 
were the vastly predominant secondary particle found on fracture surfaces 
of both heats aged at 510 ~ 

The sizes of the secondary particles which were clearly 
associated with microvoids were measured from random 
TEM extraction replica fractographs for each heat and ag- 
ing treatment. Table IX provides a summary of  these data 

Table IX. Summary of Fracture Surface 
Carbon Extraction Replica Data 

Aging Average Standard 
Material Temperature (~ Diameter (/~) Deviation (/~) 

Heat 1 425 359 160 
Heat 2 425 389 214 
Heat 1 510 298 132 
Heat 2 510 349 203 
Heat 1'  AQ 251 170 
Heat 2* AQ 234 180 

*Carbon replica data from polished cross-sections of as-quenched mate- 
rial for comparison. 
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along with the data from the polished extraction replicas 
obtained from as-quenched material. The average particle 
size of secondary particles associated with voids appeared 
to decrease as the tempering temperature was increased 
from 425 ~ to 510 ~ in heat 1 and heat 2. This decrease 
was found to be significant to a 95 pct confidence level for 
heat 1 based on a two-sample comparison of means analysis 
using the F-test followed by t-test. However, the difference 
for heat 2 was not found to be significantly different to a 
95 pct confidence level. 

In summary, the particles extracted from secondary voids 
were similar for both heats at a given aging temperature, in 
terms of both type and size. After aging at 425 ~ approxi- 
mately 75 pct of the secondary particles were M2C type 
particles and approximately 25 pct were Fe-rich particles 
believed to be cementite. After aging at 510 ~ the sec- 
ondary particles were almost entirely M2C type particles 
with a very small percentage of particles rich in Cr and some 
Fe present. 

IV. DISCUSSION 

The mechanical properties have been determined at two 
aging temperatures for two heats of AF1410 steel. The 
heats differed essentially only in inclusion type. It was 
found that at a given aging temperature the fracture initia- 
tion toughness was strongly dependent on inclusion type. 
Further, it was found that for a given inclusion type the 
toughness was also dependent on aging temperature. In this 
discussion we will consider fracture initiation toughness 
and address three topics: the role of inclusion type, the role 
of aging temperature, and attempts to model fracture initia- 
tion which incorporate inclusion characteristics as well as 
other aspects of the microstructure. Finally these results 
will be compared to an earlier study of a La modified heat 
of AF1410 steel. 

A. Role of Inclusion Type 

For a given aging treatment the results show that chang- 
ing inclusion type at a reasonably constant volume fraction 
had no influence on the smooth axisymmetric or the plane 
strain tensile ductilities. However, at a fixed aging tempera- 
ture, the inclusion type had significant influence on fracture 
initiation toughness, as shown in Table IV. It is difficult to 
ascribe this effect to anything except the characteristics of 
the inclusions. For example, the two steels had the same 
prior austenite grain size and the same type of undissolved 
particles inherited from the austenitizing temperature. Fur- 
ther, these undissolved particles had almost the same aver- 
age size and spacing as shown in Table VII. Given the very 
similar compositions of the two heats, it seems reasonable 
to assume that the microstructures developed at a given 
aging temperature were very similar for the two heats. For 
example, the retained austenite levels for the two heats 
are almost identical at a given aging temperature. 

The most plausible explanations for the effect of inclu- 
sion type on the fracture initiation toughness would appear 
to be either the observed difference in inclusion spacing, 
differences in nucleation strain, or possibly a combination 
of both effects. It is normally assumed that inclusions such 
as MnS are weakly bonded to the matrix and can be re- 
garded as pre-existing voids. However, it has been sug- 

gested that the CrS inclusions contained in heat 2 may be 
more strongly bonded to the matrix than MnS.[391 In addi- 
tion, no one has yet addressed the issue of the nucleation 
strain for lanthanum oxy-sulfides or lanthanum oxides, the 
inclusions in heat 1. However, given that the smooth axisym- 
metric tensile ductilities are the same for both heats at a 
given aging temperature, it is suggested that the nuclea- 
tion strains for the inclusions in both heats are at least com- 
parable. This is based on our conclusion that at a given 
aging temperature the microstructures achieved for the two 
heats are almost identical and that the void growth equa- 
tions of Rice and Tracey t4~ suggest that for otherwise iden- 
tical microstructures,  differences in nucleation strain 
should result in changes in the smoother axisymmetric 
tensile ductility. 

If it is accepted that nucleation strains associated with the 
two inclusion distributions are comparable, then it would 
seem reasonable to conclude that the improved toughness 
of the La modified heat is primarily due to the increase in 
the inclusion spacing. The inclusion spacing for the lan- 
thanum modified heat is 7.62/zm compared to 2 .3/xm for 
the chromium sulfides in heat 2. This increased inclu- 
sion spacing is entirely due to an increase in the average in- 
clusion size as the inclusion volume fraction is actually 
slightly higher for the La modified heat. This conclusion is 
consistent with work on low alloy steels where increasing 
the manganese sulfide spacing at a reasonably constant in- 
clusion volume fraction by increasing the average sulfide 
size resulted in a significant improvement in toughness. 
The influence of inclusion type on the toughness of AF1410 
at a given aging temperature is reflected in the ratio of the 
8~c values associated with the two inclusion types (81c 
(heat 1)/8ic (heat 2)), as shown in Table X. These ratios are 
almost identical to the ratio obtained for the series of low 
alloy steels TM where the inclusion spacing (MnS) was in- 
creased from 3 .5 /zm to 10/zm. It is suggested that this 
comparison supports our conclusion that the nucleation 
strains for the inclusions in heat 1 and the CrS in heat 2 are 
comparable; that is, these results are similar in magnitude 
to those obtained by increasing the size and spacing of 
a fixed inclusion type, MnS, believed to be very weakly 
bonded to the matrix. 

Table X. Comparison of Effects of X0 on 81c 

Material R0 (/xm) X0 (/xrn) ~1c (/xm) ~icl/8tc2 
AF1410-425 ~ 

Heat 1 0.64 7.6 23 1.92 
Heat 2 0.18 2.3 12 

AF1410-510 ~ 

Heat 1 0.64 7.6 66 2.35 
Heat 2 0.18 2.3 28 

Low Alloy Steels 

Heat 1 0.72 9.8 20 2.33 
Heat 2 0.28 3.5 8.6 

Note: The data for the low alloy steels are from Reference 3. The data 
for heat 2 are the average for the base, base + Ni, and base + Si steels, 
and the data for heat 1 are for the base + Ni + Si steel. The inclusions in 
the low alloy steels were MnS. 
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B. Fine-Scale Microstructure 

For a given inclusion type changing the microstructure 
by increasing the aging temperature from 425 ~ to 510 ~ 
resulted in an increase in both the smooth axisymmetric and 
plane strain tensile ductility, a decrease in work hardening 
exponent, and an increase in the fracture initiation tough- 
ness. The microstructure can influence the fracture process 
both directly and indirectly. It can influence the fracture 
process directly by providing particles which may actually 
nucleate secondary voids. It can also indirectly influence 
the fracture through the flow properties which can influence 
void nucleation, void growth, and the crack tip blunting 
characteristics. [41,42.43] 

These results suggest that the improvements in ductilities 
and fracture initiation toughness associated with the in- 
crease in aging temperature for a fixed inclusion type are at 
least partly due to changes in the particles precipitated on 
aging. Examination of the fracture surfaces of both heats of 
AF1410 aged at 425 ~ suggests that the majority (~75 pct) 
of the secondary voids were nucleated by MzC type parti- 
cles inherited from the austenitizing treatment. The other 
secondary voids (=25 pct) appear to be nucleated at parti- 
cles formed on aging. These particles were not present in 
the as-quenched condition and contained Fe with smaller 
amounts of Cr and Mo. 

On aging at 510 ~ it was found again that principal sec- 
ondary void initiating particles were M2C particles inher- 
ited from the austenitizing temperature. On aging at 510 ~ 
there is on the fracture surface no evidence of the Fe-rich 
particles observed at 425 ~ Nor is there any evidence that 
the fine intralath M2C particles precipitated on aging at 
510 ~ were nucleation sites for secondary voids. A few 
Cr-rich particles, containing small amounts of molybde- 
num, were observed to nucleate voids on aging at 510 ~ 
These particles are assumed to have formed on tempering 
as they were not observed in the as-quenched condition. 
Thus it appears that for both aging temperatures most of the 
secondary voids were nucleated at M2 C particles inherited 
from the austenitizing temperature. The difference appears 
to be that on aging at 425 ~ about 25 pct of the secondary 
voids are nucleated at particles precipitated on aging, while 
on aging at 510 ~ this percentage is very much less. 

Speich et al. [4] suggested that the low toughness associ- 
ated with aging at 425 ~ in HY180 steel was due to the 
presence of large intralath cementite particles. As expected 
from the work of Speich et al., [4] large intralath cementite 
particles are observed in AF1410 aged at 425 ~ How- 
ever, it is not clear that these intralath particles are the only 
particles formed on tempering which could nucleate sec- 
ondary voids. It is possible that particles precipitated at 
425 ~ and which nucleate voids could also be interlath 
carbides resulting from the decomposition of retained aus- 
tenite. As shown in Figure 3, AF1410 retained austenite 
decomposition is almost complete on aging at 425 ~ 

These observations appear to be consistent with the 
increase in the extent of void growth ((Rv/RI)IRo) and the 
decrease in the area fraction of secondary voids associated 
with the increase in aging temperature from 425 ~ to 
510 ~ for a given inclusion type. For heat 1 (La treated) 
(Rv/RI)IR o increased from 4.7 to 8.6 and for heat 2 (CrS in- 
clusions) this quantity increased from 6.7 to 9.2. We note 
that the extent of void growth at a given aging temperature 

is less for the larger inclusions. This is consistent with 
results observed for low alloy steels containing large and 
small MnS particles at a fixed volume fraction. 

These results suggest that there is a direct effect of aging 
on the fracture process. That is, on aging at 425 ~ parti- 
cles are precipitated which are much more favorably dis- 
posed to the nucleation of secondary voids than the particles 
precipitated on aging at 510 ~ It may be, as will be dis- 
cussed, that microstructural changes caused by increasing 
the aging tempering temperature could also indirectly influ- 
ence the fracture process.t41'44] 

C. Modeling Fracture Behavior 

It has been proposed t451 and found to be the case for many 
�9 [3 7 1O 4647] R matenals . . . .  that 8ic scales as Xo(Rv/ l)[Ro. 8tc is plot- 

ted in Figure 15 as a function of Xo(Rv/R1)IRo for the two 
heats and two aging temperatures investigated here. The 
behaviors for these microstructures are roughly consistent 
with the linear relationship between 81c and Xo(Rv/Rt)IRo ob- 
served for previously investigated materials�9 The micro- 
structures achieved after aging at 425 ~ exhibit behavior 
which parallels the correlation observed for other mate- 
rials. However, the microstructures obtained after aging at 
510 ~ deviate from the linear relationship between 81c and 
Xo(ev/gl)lR o. On aging at 510 ~ 8zc is 16/zm (heat 2) and 
25/zm (heat 1), greater than would be expected from this 
correlation. Why the 510 ~ microstructure departs from 
this correlation is not known. Several factors may be sug- 
gested to cause a departure from this linear relationship. 
First, it is possible 81c is no longer linear in X0; however, 
if the only problem is 8~c no longer linear in X0, then 
Xo(Rv/R~)[Ro would lead to an overestimate of 8~c, not the 
underestimate observed here. Implicit in the proposal that 
81c ~ Xo(Rv/Rt) are the assumptions that single particle 
nucleated voids coalesce with the crack tip and that the rate 
of void growth with 8 is a constant. It is possible that for 
very ductile materials, the voids which coalesce with the 
crack tip are not single particle nucleated voids. In addi- 
tion, blunting to vertices would be expected to lead to void 
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70 ~ l , , growth rates which are different than for smooth blunt- 
ing. [4]'421 Available results [43'441 suggest that as long as the 
plane strain tensile ductility is not too great and smooth 
blunting is obtained, the correlation 8tc ~ Xo(Rv/RI)IRo 
holds; in fact, this was shown to be true for materials for 
which the plane strain tensile ductility is as high as 0.25. [44] 
Given that the plane strain tensile ductility of AF1410 aged 
at 510 ~ is less than 0.25, it is very likely that blunting to 
vertices will be observed after aging at this temperature. 
That HY180 aged at 510 ~ blunts to vertices [s~ further 
suggests that this will occur in AF1410 aged. 

D. Comparison of Heats of La Treated AF1410 

The fracture behavior of  another La modified heat of  
AF1410 was discussed in a previous paper, tT] A conclusion 
of that work was that the high fracture toughness of  La 
modified AF1410 steel aged at 510 ~ was largely the result 
of the large inclusion spacing. This seems to be verified 
by the work reported here. In fact, the K~c predicted for 
AF1410 aged at 510 ~ at a small inclusion spacing is very 
close to that measured for the CrS heat. In addition, it 
was predicted that the extent of  void growth for the heat 
with the smaller, more closely spaced inclusions would be 
greater than for the larger, more widely spaced inclusions in 
the La modified AF1410. This is also verified by this work. 

However, in two respects the behavior of the La modi- 
fied heat of AF1410 studied here and the one studied ear- 
lier are different. First, the heat studied here had a higher 
fracture initiation toughness (8~c = 66/xm) than the earlier 
heat (Sic = 61 /xm), even though X 0 for this heat was 
smaller (7.62/xm compared to 10.4 tzm). Second, on aging 
at 510 ~ the behavior of the earlier heat was more consis- 
tent with the linear relationship between 8~c and Xo(Rv/Rl)IRo. 

The lower toughness of the earlier heat, despite a larger 
X0, could be due to its containing a more detrimental dis- 
tribution of undissolved carbides inherited from the aus- 
tenitizing temperature. The plane strain tensile ductility 
appears sensitive to differences in undissolved particle 
d ispers ions ,  t44] As shown in Table  XI .  the e f fec t ive  
plane strain tensile ductility and the extent of void growth 
((Rv/RI)IRo are slightly less for the earlier heat of AF1410. 
However, these differences seem too small to account for a 
marked reduction in fracture initiation toughness. 

The seemmgly unexpectedly low toughness of the earlier 
material is probably associated with the nonlinearity of the 
relationship between toughness (~lc) and X0. Given the ac- 
curacy of measurements, the curve drawn for 8~c as a func- 
tion of X 0 in Figure 16 is probably reasonable. This curve 
suggests that for this microstructure 8zc will increase very 
slowly with X0 for inclusion spacings greater than about 
10/xm. When this curve is extended to the plot of Sic vs 
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Fig. 16--81c plotted as a function of X0 for the 510 ~ microstructure. 
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Fig. 17 ~tc plotted as a function of Xo(Rv/Rz)mo. The curve representing 
the AF1410 heats aged at 510 ~ intersects the linear behavior exhibited 
by the materials at an X0 of about 10 to 12/zm. 

Xo(Rv/Rz)]Ro (Figure 17), it can be deduced that the linear 
relationship between Sic and Xo(Rv/R1)IRo observed for the 
first heat is only fortuitous. 

. 

V .  SUMMARY AND CONCLUSIONS 

The smooth axisymmetr ic  and plane strain tensile 
properties, Charpy impact toughness, and the fracture 

T a b l e  X I .  C o m p a r i s o n  o f  L a n t h a n u m  T r e a t e d  H e a t s  

Condition f R v (/xml R0 ~ (/zm) Xo (/zm) (Rv/RI)[Ro 8~c (/xm) ~yes 

425 ~ 

This study 0.00042 0.58 0.64 7.6 4.7 28 0.15 
Reference 7 0.00036 0.86 0.98 10.4 4.3 26 

510 ~ 

This study 0.00042 0.72 0.64 7.6 8.6 66 0.23 
Reference 7 0.00036 0.81 0.98 10.4 8.5 61 0.22 
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initiation toughness have been measured for two heats 
of  AF1410 steel for aging temperatures of  425 ~ and 
510 ~ One heat was modif ied by  a La  addition and 
the other was not. 

2. The mechan ica l  p roper t ies  are inf luenced marked ly  
by  increas ing  the aging tempera ture  f rom 425 ~ to 
510 ~ Whi le  the strength level does not change ap- 
preciably,  increasing the aging temperature increases 
the  s m o o t h  a x i s y m m e t r i c  and p l a n e  s t ra in  t ens i l e  
strains to fracture, reduces the work hardening expo- 
nent,  and increases both the Charpy impact and frac- 
ture initiation toughnesses,  

3. Of  the mechan ica l  proper t ies  l is ted above,  only  the 
fracture in i t ia t ion toughness  and the Charpy impact  
toughness (after aging at 510 ~ were influenced by 
melt  practice. Both of  these quantities were higher for 
the La modif ied heat. 

4. The inc lus ions  in the La modi f i ed  heat  consis ted of  
particles rich in La and S and more complex particles 
containing La,  S, P, and in some cases As.  The volume 
f rac t ions ,  R 0 and X0, were  0 .00042 ,  0 . 6 4 / z m ,  and 
7 . 6 / x m ,  respec t ive ly .  The inc lus ions  in the second 
heat contained Cr and S. For  the second heat the vol- 
ume fractions, R0 and X0, were 0.00035, 0.18 ~ m ,  and 
2 . 3 / x m ,  respectively.  

5. The undissolved carbides in both heats appeared to be 
pr imari ly  M2C type carbides of  almost an identical vol- 
ume fraction, average size, and spacing. 

6. Studies of  fracture surface replicas show for both heats 
that on aging at 425 ~ 75 pct of  the secondary voids 
were nucleated at particles inherited from the austeni- 
tizing treatment and 25 pct were nucleated at particles 
precipi ta ted on aging.  On aging at 510 ~ almost  all 
of  the secondary voids were nucleated at particles in- 
herited from the austenitizing temperature. 

7. The above  di rec t  inf luence o f  aging temperature  on 
par t ic les  which  nucleate  voids  is consis tent  with an 
increase  in the extent  of  g rowth  o f  voids  nuclea ted  
at i nc lu s ions  and the dec rease  in the area  f rac t ion  
of  secondary  voids as the aging temperature was in- 
creased from 425 ~ to 510 ~ 

8. Whi le  the extent  of  void growth (Rv/RI)IRo increased 
with aging tempera ture  for both heats,  the extent  of  
void growth at a given aging temperature was always 
g r e a t e r  fo r  the  s m a l l e r  i n c l u s i o n s .  The  v a l u e s  o f  
(Rv/RI)IR o after aging at 425 ~ were 4.7 and 6.7 for 
heats 1 and 2, respectively.  The values after aging at 
510 ~ were 8.6 and 9.2 for heats 1 and 2, respectively. 

9. The improvement  in 8tc achieved by the lanthanum ad- 
ditions for a f ixed fine-scale microstructure ( i .e . ,  for a 
g iven aging temperature)  was at tr ibuted to the more 
than threefold increase in inclusion spacing. 
It was observed that on aging at 510 ~ neither heat ex- 
hibited behavior  consistent with the linear relationship 
between ~IC and Xo(Rv/RI)IRo observed for previously 
i nves t i ga t ed  ma te r i a l s  and these  two heats  aged  at 
425 ~ It is sugges t ed  that  this is a s soc ia t ed  with 
blunting to vertices. 
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