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STATEMENT OF THE PROBLEM STUDIED

The major objective of this research has been to define the

relations between fracture toughness and microstructural variables for a

group of closely related HSLA steels. These steels are low-carbon,

copper-bearing compositions based on ASTM A-710A. Since the steels

chosen for study generally are exceedingly tough at ambient

temperatures, appropriate test techniques to characterize fracture

toughness were not available. Furthermore, the project steels exhibit

two main fracture mechanisms (cleavage and dimpled rupture), and it was

anticipated that the effects of microstructure on toughness would depend

on mechanism and, consequently, on temperature.

SUMMARY OF THE MOST IMPORTANT RESULTS

Effect of Composition and Microstructure on Toughness

Resistance to cleavage fracture (lower-shelf toughness) appears to

be adversely affected by both sulfur and copper. The sulfur effect is

attributed to providing sites for localized crack initiation; copper

additions can result in decreased fracture-surface roughness, thus

decreasing the energy of crack propagation.

. Resistance to dimpled rupture (upper-shelf toughness) was exceed-

ingly high, with many specimens being too tough to satisfy the ASTM J-

integral (E813) size requirements. Overaged copper particles appear

particularly beneficial to toughness, because of inhibition of plastic

instability associated with shear localization.

All heat treatments increased the sharpness of the ductile/brittle

transition (i.e. the extent of the temperature range between fully

brittle and fully ductile behavior) of as-rolled alloys. In contrast,

addition of copper and nickel promoted a broader transition. Generally,

sharp transitions were associated with uniform microstructures.

a.i
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Since the position of the ductile/brittle transition temperature

reflects a combination of all of the above effects, no simple trends
based on composition and heat treatment could be discerned. However,

when compared to most steels, the ductile/brittle transition tempera-

tures were quite low.

Fracture Mechanics of Tough Steels

A control led-angle slant-notch fracture specimen was developed to

model stable crack growth in the upper-shelf temperature regime. The

specimen allows the ratio of Mode I (opening) to Mode III (transverse

shear) components of toughness to be controlled. Special formulations of

the J-integral (designated Jl and J were developed to quantify the

resulting combined-mode fracture behavior. It was found that an applied

Mode III loading component reduced the Mode I component necessary to

produce crack Initiation (and vice versa). For all loading geometries,

large initiation values of J corresponded to large crack-growth

resistance.

The fracture mechanism Is dimpled-rupture throughout the spectrum

of Mode I-Mode III conditions. As the Jiii/J ratio is varied, the

stress state ahead of the crack changes. The resultant fracture-surface

dimples are equlaxed for Mode I conditions, but become increasingly

elongated in the transverse-shear direction as the relative Mode III

component is increased. Two heat-treated conditions of ASTM A710-A both

show tendencies for transverse-shear flow during mixed-mode loading. The

heat-treated condition exhibiting the greater resistance to plastic

instability in uniaxial tension was tougher for all crack-growth

geometries.

Combined-mode elastic-plastic fracture initiation has been modeled

using an elastic analog in which the plastic zone is represented by two

super-dislocations, one screw and one edge, lying ahead of the crack

tip.
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Statistical Analysis of Scattered Temperature-Dependent Data

There are many situations where test data are both temperature-
dependent and severely scattered. A statistical analysis, developed on

this grant to handle such situations, combines mathematical convenience

with fracture theory. The analysis has found application to a variety of

fracture data and has been developed further by various other users. In

addition to percentiles, confidence limits can now be calculated. The

data set can be also broken up into subsets, each of which can be

analyzed individually.

While all applications to date have involved fracture toughness

and impact energy, other phenomena are amenable to the analysis.

Possible applications include analysis of the effects of stress on

fatigue life, the effect of load on wear rate, and the effect of

temperature on chemical-reaction rate.

Constitutive Modelina

Several tangential results were obtained in the area of

mathematical descriptions of deformation and fracture behavior.

Equations have been developed to describe strain gradients in a

tensile specimen with non-uniform cross section. The analysis results in

an equation which successfully relates fracture elongation to

constitutive parameters.

Key curves have been derived to represent power-law relations

among load, displacement, and remaining ligament in standard fracture-

mechanics test specimens. This approach simplifies analysis of the raw

data to provide both path-Independent (M) integrals and tearing moduli.

74
q.
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THESIS ABSTRACT

"Combined Mode I - Mode III Fracture Toughness

of a High-Strength Low-Alloy Steel"

J.G.Schroth, Ohio State University, May, 1985

Combined Mode I- Mode III fracture behavior was investigated for

two heat treated conditions of a copper-bearing high-strength low-alloy

steel. Special formulations of the 3 integral, denoted J1 and J.1 for

the opening mode and transverse shear modes respectively, were used to

characterize crack initiation while Paris' tearing modulus was used to

characterize 3-resistance behavior during stable crack extension.

Combined-mode fracture initiation data define a linear fracture envelope

in J-itlt space. This behavior is predicted qualitatively by a

superdislocation model of combined mode elastic-plastic fracture in

which the plastic zone is modeled by two superdislocations ahead of the

crack tips, one of edge character with Burgers vector equal to the

Mode I CTOD, the other of screw configuration with Burgers vector equal

to the Mode III CTOD. For all loading modes, the overaged condition

containing incoherent face-centered-cubic copper precipitates exhibited

superior toughness as compared to the peak aged condition which had a

similar grain size and carbide distribution, but contained coherent

body-centered-cubic copper-containing clusters. For all loading

geometries, large 3-component initiation values were accompanied by

large tearing modulus values (large resistance to crack growth). This

correspondence between crack initiation resistance and growth resistance

agrees with commonly observed Mode I behavior. Both heat treated

conditions displayed tendencies for transverse shear flow and the

overall greater toughness of the overaged material probably results from

its greater resistance to plastic instability as evidenced by its

greater elongation at fracture in uniaxial tensile tests. Fractographic

examination reveals that crack extension occurred by dimpled rupture in

all loading, but that dimple morphologies changed markedly. For pure

Mode III loading, friction between the specimen halves may have

contributed significantly to measured toughness values.
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