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ABSTRACT

THE EFFECT OF ACTUAL AND INHERENT AUSTENITE GRAIN

SIZE ON IMPACT PROPERTIES OF MEDIUM CARBON STEELS
By

Michael Wesley Wisti

The effect of actual and inherent austenite grain size on impact
properties was determined for two heats of AISI 1040 and two heats of
AISI 1046 steel. One heat of each AISI grade was inherently fine grain
and the other was inherently coarse grain by the McQuaid-Ehn criterion.
All steels were subjected to several austenitizing treatments which
varied the austenite grain size from ASTM No. 0 to ASTM No. 10. Impact
properties were determined using half-width Charpy V-notch specimens
heat treated by air-cooling, or quenching and tempering to a hardness of
26-28 R.. Tensile properties were also determined for the quenched and
tempered specimens.

All quenched and tempered specimens produced impact properties which
are excellent for most applications since the highest energy transition
temperature was -65°C. Inherently fine grain steels had slightly lower
transition temperatures than inherently coarse grain steels, but the
upper shelf energy was approximately equal. Specimens quenched from
actual fine grained austenite showed a slight improvement in upper shelf
energy, generally about 10%, but up to 100% in one case; however, the

transition temperature was not affected.



MICHAEL WESLEY WISTI

Impact properties of air-cooled specimens were extremely sensitive
to actual prior austenite grain size. Specimens cooled from coarse aus-
tenite grains had energy transition temperatures between 25-45°C. Room
temperature impact energy was increased 100-400% by cooling from actual
fine grained austenite.

Tensile test results of quenched and tempered specimens showed per-
cent reduction in area slightly improved, or increased 100% in one case,
by quenching from actual fine grained austenite. Only specimens austen-
itized at low temperatures for short times produced sharp yield point
behavior, and the degree of sharp yield was increased with increasing
aluminum content. All other quenched and tempered tensile properties
were equivalent for both actual or inherent, coarse and fine grain steels.

Explanations are advanced to account for the slightly improved impact
properties exhibited by inherently fine grain steels, as well as the sharp
yield point behavior produced by certain heat treatments. The discussion
encompasses a review of austenite grain coarsening theories, deoxidation
practices involved in steelmaking, and the relationship between prior
austenite grain size and ferrite size and shape in tempered martensite.

A possible mechanism is suggested which involves the precipitation of
aluminum nitride on lattice defects. This may account for the slight
improvement in impact properties and the more pronounced sharp yield

point behavior produced by aluminum killed steels. A possible benefi-

cial stress relieving effect produced by sharp yielding is also suggested.
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INTRODUCTION

In 1938, Cross and Lowther(l)

investigated the effect of austenite
grain size on impact properties of air-cooled steels. They reported that
inherently fine grain steels have Izod impact values 4007 greater than
inherently coarse grain steels, even though the actual austenite grain
size was identical. They concluded that inherently fine grain steels are
vastly superior in impact, and as austenite grain size increases, the
impact properties of these steels decrease only moderately. The mystery
of these results concerning inherently coarse grain steels was summarized
by their statement, "Apparently coming events cast their shadows before."
The apparent superiority of inherently fine grain steels regardless of

the actual grain size, cannot be explained by present theories. The

results of these experiments are summarized in Table 1.

Table 1

Effect of Inherent and Actual Grain Size on Impact Properties

AUSTENITIZING ASTM GRAIN IZOD IMPACT
STEEL TREATMENT SIZE NO. FT. LBS.

Inherently Coarse 1650°F.,

Grain Steel air cool 2-4 4
Inherently Fine 1800°F.,

Grain Steel air cool 2-4 16-18
Inherently Fine 1550°F.,

Grain Steel air cool 6-8 23-27



An inherently coarse grain steel is one in which the austenite grains

)

coarsen to ASTM No. or larger when austenitized at 1700°F., An inher-

ently fine grain steel is one in which the austenite grains remain fine,
ASTM No. 5 or finer, when austenitized at 1700°F. The methods for con-
trolling and determining this grain size will be discussed later.

The effect of finer grain size resulting in vastly improved impact
properties is well known and can generally be applied to all metals(3).
The situation in steel is more complicated since a phase transformation
occurs during most heat treatments. One must contend with prior austen-
ite grain size, as well as grain size after transformation. Steel
subjected to impact type loading is often used in the quenched and tem-
pered condition. Prior austenite grain size is shown to have a remarkable
effect on impact properties at a relatively high hardness level (Figure
1)(4). The steel quenched from fine grained austenite has 4007 superior
impact properties compared to the steel quenched from coarse grained
austenite.

When using steel in impact type applications, it is important to
consider impact properties over a range of temperatures. Most metals
and alloys having a body-centered-cubic or hexagonal-close-packed
structure show a rapid decrease in impact properties with decreasing tem-
perature. The temperature at which the fracture changes from ductile to
brittle, and impact energy shows a sharp decrease, is known as the
"transition temperature'". Metals which have a face-centered-cubic struc-
ture do not have a transition temperature(s). Since steel is often used
at temperatures as low as -40°C., the transition temperature is an impor-
tant consideration, Brittle fractures of ships, low temperature storage
vessels, bridges, and pipelines have occurred without warning and often

(5)

under conditions of low stress .
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Fig. 1. Relation of Austenite Grain Size to Toughness at 50 Rc

1.1 Economic Considerations

When selecting a grade of steel for a particular application, a
critical balance usually exists between the properties required and the
cost of steel. One cannot afford the insurance of using a high cost
alloy steel where a carbon steel would suffice. These cost considera-
tions extend to steelmaking practice and the use of deoxidizers. Steel
is usually deoxidized by making additions of silicon, manganese, alumi-
num, vanadium, columbium, zirconium or titanium to the the ladle(6).
Silicon and aluminum are the least expensive and the presence of 0.02-
0.06% aluminum serves to make the steel inherently fine grain. This
practice is used for a majority of all structural steels.

There are many applications in which fine grain steel is not desir-

able since coarse grain steels have increased hardenability, better



machinability, and superior high temperature creep properties. In modern
steelmaking, many problems are encountered with the use of aluminum in
continuous casting operations. Aluminum oxide clogs the mold feed nozzle
and abrades the mold walls. When aluminum is used for deoxidizing in
continuous casting operations, an inert gas is used to shroud the ladle,
or an aluminum wire is inserted into the stream above the mold, If alu-
minum is not used and inherently fine grain steel is made by using
elements such as vanadium or columbium, approximately 3% is added to the
cost of the steel. To insure fine grained austenite, hot forgings are
often normalized prior to quenching and tempering. Industry spends mil-
lions of dollars annually on deoxidizers and special heat treatments to
produce fine grained steel.

In our research, we are studying the effect of deoxidation practice,
which largely controls grain size, on impact properties of steel in the
heat treated condition. With increasing substitution of medium carbon
or water quenching grades of steel as a result of economic conditions or
the availability of alloying elements, a thorough knowledge of the pro-
perties of these steels becomes more important. Conditions under which
less expensive grades of steel may be used or expensive heat treatments

eliminated must be carefully identified.

1.2 Historical Summary

In 1922, the classic work of McQuaid and Ehn(7) showed that each
heat of steel has its own characteristic grain growth behavior. The
inherent or McQuaid-Ehn grain size was determined by carburizing a sample
for eight hours at 1700°F., followed by slow cooling to allow a network

of carbides to outline the prior austenite grains. Completely deoxidized



steel (killed) in which aluminum was used for final deoxidation was found
to be inherently fine grain. Steel deoxidized with silicon and manganese,
was found to be inherently coarse grain. Steels partially deoxidized
(semi-killed), or steels not deoxidized (rimmed) were found to be inher-
ently coarse grain, It was determined later that other elements were
also capable of rendering steel inherently fine grain., The work of
McQuaid and Ehn was a major breakthrough because prior to that time, the
effect of aluminum in controlling grain size was not completely under-
stood., Aluminum was often secretly added without the knowledge of higher
level management in the steel mill in order to subside gas evolutioﬂ”and

(8)

produce a sound ingot . As late as 1930, German steel specifications
forbid the use of aluminum in making rail steel(g).

In the 1930's, Bain(lo) (Figure 2) and Scott(ll)(Figure 3) demon-
strated that steel quenched from fine grained austenite had up to 400%

superior impact properties over steel quenched from coarse austenite.

Other investigators, such as Shane(lz), showed a 500-1000% improvement
in impact properties for fine grained austenite; McQuaid(s) showed a
300-500% improvement,

(13) (14)

Other work by Rosenberg and Gagnon , and Gillett showed that

fine grained austenite has little or no effect on impact properties in
the quenched and tempered condition. At a hardness level of 27 Rc’

Jaffee and Wallace(ls)(Figure 4) showed that maximum impact values as
well as the transition temperature are adversely affected by coarse aus-
tenite grains. More recent investigations by Parker and co-workers(16’17)
showed that medium and high alloy steels have improved fracture toughness
when quenched from a coarse austenitic grain size. While the work of

(18)

Jolley and Kottcamp showed that fine grained steels have superior
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impact properties, they noted that fine grained steels have fewer sub-
grain boundaries, but were unable to relate this effectively to actual
fracture mechanisms.

Over a period of fifty years, much work has been published on the
effect of chemical composition and prior austenite grain size on impact
properties. The magnitude of improvement in impact properties by use
of fine grained steels is not clear éi;ce much of the earlier work is

contradicting. This was pointed out by Bullens(lg)

, who discussed the
role of some inherent factor within each heat of steel which controls

the impact properties. The effect of prior austenite grain boundaries,
and the relationship between these boundaries and ferrite grain size in
tempered martensite is not well established. Results gained from pro-

perly controlled experiments, using selected heats of steel, would help

to clarify the true effect of these variables.

1.3 Grain Size Control

Many early investigators, including McQuaid himself(S), felt that

the presence of aluminum in solid solution was effective in controlling
grain growth. It was later demonstrated that as much as 0.20% of alu-
minum in solid solution was not effective in controlling grain size

(20 or air(21). Throughout the thirties

unless in the presence of oxygen
and forties, it was generally accepted that a dispersion of aluminum
oxides or some other unknown constituent was responsible for restricting
austenite grain growth. It was felt that these substances set up a
"barrier" and advancing grain boundaries were not able to move across.

Other theories suggested the degree of deoxidation was the controlling

facrtor(zz), or the solution and re-precipitation of a grain growth




controlling substance in austenite grain boundaries precisely at the
moment of transformation(23).

In 1949, Beeghly(24) developed a dependable method for determining
the aluminum combined as aluminum nitride (A1N) in steel. His results
(Figure 5) showed that on heating, aluminum nitride begins to precipitate
at an increased rate near the transformation temperature, and then begins
to redissolve above 1800°F. A substantial amount of aluminum nitride
still remains undissolved at 2000°F., which is the temperature at which
most fine grain steels coarsen appreciably. Other work showed that the
amount of aluminum nitride which precipitates on cooling, depends on the
cooling rate(25’26). Samples air-cooled from 2100°F. have very little
aluminum as aluminum nitride at room temperature. When the sample is
reheated, aluminum nitride will precipitate from solid solution indica-
ting that thermal history is extremely important.

In 1951, Darken, Smith and Eiler(27) determined the solubility pro-
duct of aluminum in austenite. They reported that solubility increased
with increasing temperature in a linear relationship to the reciprocal
of the absolute temperature. This is in general agreement with the work
of Beeghly.

Grain boundaries are high energy areas and grains grow to effec-
tively reduce the grain boundary area. The generally accepted modern
theories on the role of aluminum in controlling austenite grain growth
involve precipitation of aluminum nitride in the austenite grain bound-

aries, This precipitate may effectively lower the grain boundary energy.
A disgpersion of aluminum nitrides of microscopic or sub-microscopic size

M3y be effective in inhibiting grain boundary movement, thereby control-

ling grain growth. As the temperature increases, precipitates begin to
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coarsen, which reduces their effectiveness. At higher temperatures,
aluminum nitride goes into solution and the restrictions for grain boun-
dary movement are removed. For this reason, inherently coarse grain
steels coarsen gradually over a range of temperature; while inherently
fine grain steels resist coarsening at lower temperatures and then
coarsen rapidly at temperatures in the range of 1900—2100°F.(4).
The aluminum nitride theory answers many of the questions concern-
ing austenite grain growth; however, some controversy still exists. It

has bpeen shown that inherently coarse grain steel deoxidized with silicon

and manganese begins to coarsen within seconds after being heated above
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the transformation temperature(zs’zg). Since inherently fine grain
steels do not show this same behavior, one would assume that a micro-
scopic dispersion of aluminum nitride precipitates almost instantaneously
at the newly formed grain boundaries, thereby inhibiting grain boundary
movement. If sufficient aluminum nitrides were present prior to trans-
formation, this behavior could be explained; however, the results of

(24) showed very little aluminum nitrides to be present below this

Beeghly
temperature. Since steels air-cooled from a high temperature pre-treat-
ment have very little aluminum nitride present at room temperature, grain
growth must be controlled by precipitation in the newly formed grain
boundaries. The availability of aluminum for this precipitation is ques-
tionable since it is substitutional in iron and has a relatively low
diffusion rate(30). Precipitates of aluminum nitride and aluminum oxide
may restrict grain boundary movement and lower grain boundary free energy,
thereby decreasing the driving force for grain growth.

Other grain refining elements used in steelmaking, such as vanadium

(4)

or columbium, are strong carbide formers and tend to form complex

carbides which resist solution in austenite, A dispersion of these car-
bides is present in the structure prior to transformation and are avail-
able to restrict grain boundary movement. This situation is a different

one from that of steel deoxidized with aluminum where substantial nitrides

may not be present prior to transformation.

1.4 Transition Temperature

The transition temperature may be determined by tensile testing;
however, impact testing is an effective and inexpensive alternate method.

For any given material, the transition temperature varies considerably
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depending on the specimen geometry and testing method(3l’32). When using

notched bar impact testing, two criteria are commonly employed to deter-
mine the transition temperature. They are the fracture appearance tran-
sition which is usually taken as the temperature where the fracture 1is
50% ductile and 50% brittle; and the impact energy transition which is
usually taken as the inflection point of the impact energy-temperature
curve, The latter method of determination was used in our research.

The impact energy transition temperature is influenced by several
mechanical and metallurgical variables. Typical mechanical variables
are notch effect, rate of straining, and specimen size and geometry(32).
Typical metallurgical variables are chemical composition, and micro-
structural factors such as grain size and secondary phases as influenced

(3

by heat treatments .

1.4.1. Notch Effect

(31)

The presence of a notch increases the transition temperature .
The notch results in a stress concentration which can be extremely high
as the radius of the notch decreases., When plastic deformation occurs,
the stress concentration decreases; however, the surrounding metél which
has only been elastically deformed, resists contraction in the notch
area. When the bulk of the metal resists contraction, a complicated set
of transverse and radial stresses (triaxial stresses) are located just
below the notch. The triaxial stresses may result in an increase in the
yield strength by a factor of three. This increases the flow curve
relative to the fracture curves, resulting in less plastic deformation

Prior to fracture and increasing a tendency for brittle fracture.
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1.4.2., Specimen Size

As the size of the specimen increases, the transition temperature
increases(32). The maximum constraint factor for triaxial stresses is
a function of the bulk of the specimen. Most investigators have agreed
that the standard Charpy V-notch specimen is not large enough for maxi-

mum constraint; however, recent work shows the effect on the transition

temperature is minimal when double-width specimens are used(33).

1.4.3, Strain Rate

Increasing the strain rate increases the transition temperature.
A linear relationship between the logarithm of the strain rate and the
reciprocal of the transition temperature has been demonstrated(32). As
the rate of straining is increased from 9.5 x 10-7 sec.“1 to 300 sec.—l,
the ratio of the yield strength to ultimate tensile strength is increased
from 0.5 to nearly 1.0 for structural steel(S). The tendency for brittle

fracture is greatly increased.

1.4.4. Chemical Composition

Increasing amounts of carbon, phosphorous and oxygen generally
increase the transition temperature(3). Even a few parts per million of
interstitial elements have a detrimental effect on the transition temp-
erature, This has been demonstrated by experiments with ultra-pure zone
refined iron which showed substantial ductility at temperatures as low
as 4°K(34). Moderate amounts of manganese, controlled additions of alu-
minum, as well as nickel in all quantities decrease the transition temp-

erature. The effects of many alloying elements are extremely complicated
8ince they often improve the degree of carbide dispersion through increased
hal‘denabzllit:y while at the same time promote detrimental effects such as

temper brittleness (3) .
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1.4.5. Microstructure

For applications requiring maximum impact energy, it has been demon-
strated that tempered martensite is superior to all other structures(35’36).
At high hardness levels a lower bainitic structure may have superior

impact properties in some instances(37’38’39)

; however, bainite mixed
with tempered martensite is definitely detrimental (Figure 6)(36). The
effect of quenching and tempering serves to change the distribution of
carbon from a lamellar arrangement to a fine dispersion in tempered mar-
tensite. There are many cases where heat treatment to achieve tempered
martensite is not possible because of chemical composition limitations
or other manufacturing process restrictions as in the case of structural
steels. iﬁ these cases, the transition temperature decreases with
decreasing ferrite grain size. Ferrite grain size is controlled to some
extent by prior austenite grain size, so the use of fine grain steels is
important in these cases. Although not investigated to the same extent
but equally important is the effect of ferrite grain size in tempered
martensite, A fine ferrite grain size and a fine carbide dispersion con-
tribute to maximum toughness(Ao). The carbide dispersion may deviate
microcracks from one atomic plane to the next, thereby absorbing energy

\ and decreasing the tendency for crack propagation.

The presence of second phases such as a brittle carbide network,
increases the tendency for brittle fracture and increases the transition
temperature, There is evidence that even a soft and ductile network of
ferrite is detrimental to impact properties(3). Temper embrittlement

has g marked effect on increasing the transition temperature.

The presence of inclusions is generally detrimental to impact pro-

Perties. This is especially true of inclusions which have low surface
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Fig. 6. Effect of microstructure on impact properties

tension and form elongated networks in grain boundaries. Small spher-
oidal inclusions which are uniformly dispersed throughout the structure

have little effect on impact properties.

1.5. Fracture

The original concept of Ludwick(4l), who suggested only one type of
fracture, may be modified to show that fracture will occur when the flow
stress curve intersects the cleavage fracture curve or the shear fracture
curve (Figure 7) (5). Failure will occur by shear or cleavage depending
on the relative position of the curves. As a typical case for steel,

Yield strength increases rapidly as the testing temperature is decreased.
The fracture strength also increases but not as rapidly. The effect of

these two curves is shown in connection with the change in percent
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reduction in area and mode of fracture (Figure 8) (5). Decreasing the
testing temperature results in a change in the mode of fracture, as well
as a sharp decrease in ductility in the region of the transition temp-
erature. The position of the curves in Figures 7-8 are influenced by
many mechanical and metallurgical variables which have been described in

Section 1.4,

1.6. Description of Fractures

Ductile fractures are those in which appreciable plastic deformation
occurs prior to fracture. Brittle fractures are not associated with sub-
stantial plastic deformation; however, results show that all metallic
brittle fractures have a slight amount of plastic deformation on the
fracture surface(az). Fractures in polycrystalline metals may be des—
cribed by their path, being either transgranular or intergranular.

Frac tures may also be described by their mode, being either cleavage or
shear. Fractures may be described by their appearance, either fibrous

or granular. Many of these descriptions are interrelated and most frac-
tures do not proceed by any one mechanism. In steel, brittle fractures

usually propagate by transgranular cleavage on the (110) planes(43). I

n
the presence of embrittling grain boundary networks, brittle fractures
may propagate in an intergranular fashion. Ductile fractures are always
associated with appreciable plastic deformation and have a fibrous

appearance. A fracture may be initiated in a ductile manner and as the

crack 8rows, it may suddenly propagate catastrophically by cleavage.

wle Fracture

Brittle fractures are those which have little plastic deformation

988sociateq with the crack. The crack propagates rapidly and may approach
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d(42) Theories of brittle fracture

0.4 to 0.5 times the speed of soun
differ as to whether crack nucleation or crack propagation is the control-

(44) postulated that in order for

ling factor. The early work of Griffith

a brittle crack to grow the energy supplied must be greater than the sur-

This theory assumes a pre-

face energy created by the crack extension.
It cannot be applied

existing microcrack and a totally brittle fracture.
directly to metals since some plastic deformation is always associated

One of the many modifications of the Griffith theory

with the fracture.,
(45), who assumed a layer of plastic deformation

was developed by Orowan
This made the plastic work term at

0.5 mm thick adjacent to the crack.
This approach

least 1000 times greater than the surface energy term.,

brings the size of the necessary pre-existing flaw to a reasonable value;
howewver, since the amount of plastic deformation varies for each situa-

tion, this type of calculation is of little value in actual practice.
Several dislocation models have been proposed to account for the

(46) (47,48) have proposed mechan-

nucl eation of cracks. Zener and Stroh

isms which advance the idea that high stresses caused by dislocation
Pile—ups can nucleate a cleavage crack. In these cases, one must assume

that crack nucleation rather than propagation is the controlling factor.

Since microcracks are often seen in specimens which do not have
(49) and Petch(so) have suggested that crack pro-

macrocracks, Cottrell
If the yield stress of a metal is

Pagation is the controlling factor.

8reater than the stress required to propagate the crack, a brittle

fracture wi1l occur.
In commercial grade steels there are many factors such as the pre-

Sence of brittle phases, grain boundary films, or inclusions which play

@ more important role in brittle fracture than do the dislocation
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mechanisms. There is experimental evidence for pure metals which indi-

cates that even a few parts per million of interstitial elements can

drastically affect the mode of fracture('%). Dislocation mechanisms such

as locked dislocations being torn from their solute atmospheres resulting

in a sudden avalanche of dislocation movement may be extremely important.

1.8. Ductile Fracture

Ductile fractures are those which have a substantial amount of plas-

tic deformation associated with the crack(3l). The crack propagates very

slowly by means of microvoid coalescence. Voids tend to form at inclu-

sions or grain boundaries, coalesce by elongating and form 'void sheets"

which spread the crack across the cross-section. Microvoid coalescence

may be observed on the fractured surface with a scanning electron micro-

scope. In practice, cracks often nucleate in a ductile manner, and upon

reaching a critical size, propagate in a brittle fashion.

1.9. Use of SEM in Fractography

The scanning electron microscope is a tool which has been used only

recently for fracture surface examination. The SEM was first used in

1961 for this application, and the first commercial microscope was on

the market by 1965 (Sl). The SEM is extremely versatile and is often

equipped with a microprobe analyzer, which may be used to identify con-

stituents qualitatively or semi-quantitatively.

1.10. Objectives

The objectives of this research are:

L. T check the results of Cross and Lowther (Table 1) which indicated

that ajir-cooled, inherently fine grain steels had superior impact
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properties compared with inherently coarse grain steels, even though

the austenite grain size was identical.

To check the results of Bain (Figure 1) which indicated quenched and
tempered steels quenched from fine grained austenite had up to 400%
improvement in impact properties, compared with those quenched from
coarse grained austenite. The extent of this effect is to be deter-

mined at a lower hardness than the results of Bain.

To evaluate the transition temperature data for medium carbon steels.
With increasing use of less expensive and shallow hardening steels,
this data is of increased importance for quenched and tempered as

well as air-cooled structures.

To relate ferrite grain size in the tempered martensite to the prior
austenite grain size, The importance of this area has been verified
through conversations with leading experts including Drs. Grange,

Tata, and Kapadia of U. S. Steel Corporation.

To relate the micro and macro fracture examination resulting from
various heat treatments. A modern research tool, the scanning elec-

tron microscope, is utilized.

To search for experimental evidence concerning the theories of the

role of aluminum in controlling austenite grain growth.

To aid in the definition of conditions under which inherently coarse
8rain steels may be substituted for inherently fine grain; or when

medium carbon steels may be substituted for alloy steels.

The inferior impact resistance of coarse grain steels, is the one

factor wWhich most often deters their use. The degree to which coarse



20

grain steels are inferior must be better defined for medium carbon steels,

Economic considerations are important when using expensive additions of

vanadium, columbium, or zirconium., The use of aluminum has created ser-

ious problems in continuous casting which is our most modern steelmaking

process. For these reasons, the conditions under which coarse grain

steels may be used or the consequences resulting from their substitution

must be carefully determined.

Due to increasing cost and in some cases the lack of alloying ele-

ments, the future tendency will be to substitute carbon or lower alloy

The result will be a greater percentage of mixed

grades of steel.
Investigations

structures in the core of quenched and tempered sections.

usiIng air-cooled or slack quenched specimens are important because they

simulate the core conditions in actual applications.

The general importance of problems involving fracture investigé.tions

can be emphasized by quoting from the Department of the Army Publication
of June 1974, "Basic Research Problems of the U. S. Army"(sz),

"Fracture of structural materials continues to be a major source
of difficulty in both military and civilian endeavors. Espe-
cially disturbing is the fact that, at present, little confidence
can be placed in any prediction about the conditions under which
a particular material will exhibit brittleness, or the degree

to which it may have been embrittled. Theories and hypotheses
exist, but some of these have limited application, and others lack

experimental substantiation.”

1.11. Summary
In summarizing the current understanding of the effect of grain size

on impact properties, some experimental observations are without adequate

explanation,
1. More information is needed regarding the effect of grain size on

impact properties. This lack of information particularly applies to
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the effect of both actual and inherent austenite grain size on the

impact properties of quenched and tempered steel structures.

An explanation is required for the experimental results of Cross and
Lowther who showed that inherently fine grain steels are superior in

impact regardless of the actual grain size.

In order to analyze quenched and tempered structures, more informa-
tion i1s required concerning the role of prior austenite grains on

the size and shape of ferrite grains in tempered martensite.

The work of Bain and Scott showed that slightly tempered martensite
quenched from fine grained austenite is vastly superior in impact.
Additional work 1is required to investigate this effect at lower

hardness levels.

The effect of ferrite grain size and deoxidation practice on the

impact properties of structural steels should be reviewed.

The modern theory of grain size control by aluminum nitride is quite
well accepted; however, it does not furnish an adequate explanation
for some experimental results. The possibility of another mechanism
such as a precipitation strengthening effect produced by precipita-

tion of aluminum nitride on lattice defects should be investigated.

The effect of grain size on the impact energy transition temperature
requires further explanation. To avoid brittle fracture, plastic
deformation is required. Since dislocation motion is necessary for
Plastic deformation, further work is required to adequately explain
factors such as grain size, fine precipitates, and elements in solid

solution which all affect dislocation motion.



PROCEDURE

2.1, Chemical Analysis

Samples of four heats of commercial grade steel were obtained for
this research. Two heats were cut from 5" x 5" billets of AISI 1040, and
two from 3" x 3" billets of AISI 1046 steel. One heat of each grade was
made to an inherently fine grain practice by final deoxidation with alu-

minum, and subsequently will be identified (IF). One heat of each grade
was made to an inherently coarse grain practice by final deoxidation with
sil1dcon or a small amount of aluminum, and will be identified (IC).
Through cooperation with the steel mills, heats with closely matching
chemistry were selected for each grade. The chemical analysis of the
steels are shown in Table 2 which includes the mill analysis and our
check analysis. Carbon content was measured using a Leco combustion
carbon determinator, manganese and sulfur were checked using standard
analytical chemistry procedures, and the balance of the elements were

checked using an emission spectrometer.

Additional analyses were made for nitrogen and oxygen and are shown
in Table 3. These results are reported in parts-per-million and were
determined using the Leco combustion method. The combustion temperature

18 not high enough to dissociate aluminum oxide, so the oxygen results

may be misleading because oxygen reported is only that which is not com-

bined as aluminum oxide.

22
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Table 3

Nitrogen and oxygen analysis in parts per million

Nitrogen Oxygen
Youngstown #66797 (IC)
AIST 1040 43 560
Youngstown #95313 (IF)
AISI 1040 46 48
Republic #5023766 (IC)
AISI 1046 35 540
Republic #5054025 (IF)
ATISI 1046 47 24

2.2. Grain Coarsening Characteristics

The steel mill chemistry report, the check analysis, and the reported
McQuaid-Ehn grain size all indicated that one heat of each grade of steel

was dnherently fine grain and the other inherently coarse grain. Since

the McQuaid-Ehn Test only determines grain size at 1700°F.,, a comprehen-
sive study was completed to determine the grain coarsening characteristics

of each heat of steel over a range of temperature. Samples of each heat

were austenitized four hours at 100°F. intervals between 1600-2200°F.
The samples were cooled below the upper critical temperature to allow a

network of ferrite to precipitate in austenite grain boundaries, then

they were quenched in a brine solution. Microscopic examination after

polish:lng and etching clearly revealed the prior austenite grain size.
A complete summary of these grain size results is shown in Table 4.
Average 8rain diameter was determined by using the linear intercept

method (2)

and the ASTM grain size number(z) was determined by counting

the numbeyr of grains/in2 at 100x. The data from Table 4 is shown graph-

ically 1n Figure 9. This data demonstrates that each heat of steel has
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its own inherent resistance to grain coarsening at lower temperatures,
but at higher temperatures grain coarsening proceeds rapidly.

The work of Grange(zs)

showed that inherently coarse grain steel
was extremely time-sensitive to coarsening at low austenitizing temper-
atures. Steel may transform initially into a fine grained asutenite but
coarsening begins almost immediately. The time-sensitive nature of the
four heats of steel was demonstrated by results shown in Table 5. These
data indicated that both inherently fine and inherently coarse grain
steels are time-sensitive to coarsening at 1500°F.

Grain size results in Table 5 were obtained from samples austeni-
tized by immersion in molten salt for the time prescribed, followed by
quenching in iced brine. The samples were tempered at 510°C., for 16
hours and furnace cooled. Repeated etching with a boiling solution of
picric acid in water was used to reveal the prior austenite grain size.
This method proved to be dependable for revealing prior austenite grains
since check pieces using the ferrite grain boundary precipitation method
yielded identical results.

Photomicrographs illustrating grain coarsening characteristics of
the four heats of steel are shown in Figures 10-13. In these photographs,
prior austenite grains are outlined with a network of ferrite. The aus-
tenitizing time at 1500°F. was 5 minutes and at all other temperatures

the time was 4 hours.
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Fig. 10.

Grain coarsening characteristics of Youngstown #66797 (IC).
First column top to bottom: austenitized at 1500, 1600, 1700
and 1800°F. Second column top to bottom: austenitized at
1900, 2000, 2100 and 2200°F. (100x)
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Fig. 11. Grain coarsening characteristics of Youngstown #95313 (IF).
First column top to bottom: austenitized at 1500, 1600, 1700
and 1800°F. Second column top to bottom: austenitized at
1900, 2000, 2100 and 2200°F. (100x)
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Fig. 12. Grain coarsening characteristics of Republic #5023766 (IC).
First column top to bottom: austenitized at 1500, 1600, 1700
and 1800°F. Second column top to bottom: austenitized at
1900, 2000, 2100 and 2200°F. (100x)
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Fig. 13. Grain coarsening characteristics of Republic #5054025 (IF),
First column top to bottom: austenitized at 1500, 1600, 1700
and 1800°F. Second column top to bottom: austenitized at
1900, 2000, 2100 and 2200°F. (100x)
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2.3. Selection of Austenitizing Temperatures

Grain coarsening studies were performed so the austenite grain size
would be known over a range of temperatures. One of our objectives was
to relate prior austenite grain size to ferrite grain size in tempered
martensite. Austenitizing temperatures were selected to yield closely
matching austenite grain sizes for both inherently fine and coarse grain
steels. Tests were conducted for each steel using specimens having
coarse, intermediate, and fine prior austenite grain size. The average
grain sizes for the austenitizing temperatures selected are shown in

Table 6.

Table 6

Average Grain Size for Austenitizing Treatments Selected

Ave. Grain

Steel Austenitizing Treatment Dia., mm. ASTM No.
Youngstown #66797 1500 °F. (816 °C.), 2 Min. 0.035 7
AISI 1040 (IC) 1500 °F. (816 °c.), 5 Min. 0.065 5

2000 °F. (1093 ©°C.), & Hrs. 0.455 0
Youngstown #95313 1500 OF. (816 °c.), 5 Min. 0.013 10
AISI 1040 (IF) 1725 OF. (941 °C.), 4 Hrs. 0.038 6-7
2100 OF. (1149 ©°c.), &4 Hrs. 0.357 0
Republic #5023766 1500 °F. (816 ©°C.), 2 Min. 0.021 8
AISI 1046 (IC) 1500 ©F, (816 °C.), 5 Min. 0.045 6
2100 ©F. (1149 ©°C.), 4 Hrs. 0.323 0
Republic #5054025 1500 °F. (816 ©C.), 5 Min. 0.012 10
AISI 1046 (IF) 1575 oF. (857 ©°C.), 4 Hrs. 0.020 8

2100 ©F. (1149 ©°c.), &4 Hrs. 0.357 0
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2.4. Heat Treating

The billets were all austenitized at 1700°F., 4 hours and air-cooled.
The specimens heated to 1500°F. for 2 minutes in molten salt and then
quenched in iced-brine were pretreated using the same 1500°F.-quench
cycle. Repeated rapid heating and cooling cycles have been reported by

Grange(ze)

to yield finer austenite grains; however, these cycles also
increase the tendency for quench cracking. This treatment was used for
inherently coarse grain steels where retaining fine grained austenite is
difficult.

Specimens heated to 1500°F. for 5 minutes in molten salt and quenched
in iced-brine were pretreated using a 1500°F.-air cool cycle. This treat-
ment was used for all steels and produced a fine to intermediate grain
size.

Specimens austenitized at 1575°F., 1725°F,, 2000°F., and 2100°F.
were sealed in quartz tubes to protect the surface from scaling and
decarburization. Six to ten specimens were sealed in each tube at 10-4
mm. Hg pressure and pretested by heating to 1500°F. and air cooling. The
pretreatment served to check the seal and refine the grain structure.

The specimens were heated to the designated austenitizing temperature,
held 4 hours and furnace cooled to 1575-1600°F. After stabilizing for
1 hour, the quartz tubes were broken on the furnace hearth and the spe-
cimens were quenched in iced-brine.

All quenched specimens were tempered to the same hardness range.

The hardness selected was much lower than that of Bain or Scott (Figures
1-3) since we tested in the region of maximum impact properties. The two
heats of AISI 1040 steel, Youngstown #66797 and Youngstown #95313, were

both tempered at 960°F. for 2 hours. The two heats of AISI 1046 steel,
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Republic #5023766 and Republic #5054025, were both tempered at 1060°F.
for 2 hours. Specimens were air-cooled from the tempering temperature
to more closely duplicate commercial practice; however, a few check
specimens were quenched to investigate the possibility of temper embrit-
tlement. These steels would not usually be considered susceptible to
temper embrittlement and quenching from the tempering temperature did not
alter the properties.

Measuring ferrite grain size in tempered martensite which has been
tempered at relatively low temperatures is extremely difficult. The
structure has a fine dispersion of carbides and etchants do not reveal
ferrite grain boundaries in a sharp and consistent manner. Transmission
electron microscopy has been used to make some measurements on thin foil
specimens, however, this method is tedious and does not produce sharply
defined grain boundaries. A set of specimens was tempered at 1300°F,
for 24 hours to coalesce the carbides and make microscopic examination
of ferrite grain size possible. This examination was performed to study
the size and shape of ferrite grains as influenced by prior structure.

One of the objectives of our research was to check the results of
Cross and Lowther (Table 1) concerning the effect of prior structure on
impact properties of air-cooled specimens. To investigate this behavior,
one set of specimens was air-cooled from the austenitizing temperature.
All specimens were pretreated in molten salt at 1500°F. for 2 minutes
followed by air-cooling. The specimens austenitized at 1500°F. were
air-cooled from molten salt. The specimens austenitized at 1575°F.,
1725°F., 2000°F. and 2100°F. were protected by painting a '"No-Carb" seal-
ant on the surface. This protected the surface from scaling and decar-

burization during the austenitizing treatment. The specimens were
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furnace-cooled to 1575-1600°F. prior to air-cooling. Air-cooling small
specimens closely duplicates the core cooling rate in heavy sections
which are oil or water quenched. Also, this type of structure is often

present in the core area of induction hardened parts.

2.5, Hardness

One sample from each lot of 6-10 specimens was sectioned for hard-
ness testing and microstructure examination. Hardness testing is a rapid
and inexpensive quality control method to determine the effectiveness of
the quench. The hardness of martensite is related to carbon content and
appreciable amounts of other phases is reflected in lower hardness read-
ings. The as-quenched hardness range for an essentially complete marten-
sitic structure is 55-58 Rc for AISI 1040 and 58-61 R, for AISI 1046
steel,

Maximum impact properties are achieved by tempering the as-quenched
martensitic structure. The specimens were tempered and one specimen from
each lot was sectioned for hardness testing and microstructure examina-
tion. The tempering temperature was adjusted for each grade of steel to
achieve a hardness of 26-28 Rc for tempered martensite.

Hardness variations from surface to core within each specimen can
readily be determined by microhardness testing. The microhardness was
checked on three specimens from each quenching and tempering treatment.
All microhardness testing was performed using a Tukon microhardness tes-
tor with a 500 gram load. Hardness values were obtained at 0.040"
intervals across the section.

Hardness of the air-cooled specimens was more difficult to control

within a narrow range. The protective paint on the high temperature
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specimens acted as an insulator and decreased the cooling rate. Speci-
mens austenitized in molten salt did not have protective paint and were
cooled in warm air to decrease their cooling rate. The hardness range
for air-cooled specimens was 84-92 Rb for AISI 1040 and 90-98 Rb for

AISI 1046 steel.

2.6, Microstructure

Since mixed structures or the presence of second phases in grain

boundaries are known to be detrimental to impact properties(3’36),

a
careful examination of the microstructure was necessary. To avoid unnec-
essary tempering from the heat in the mounting press, all as—quenched
specimens were cold mounted. All tempered and air-cooled specimens were
hot mounted in bakelite. The specimens were ground, polished and etched
using 27 nital prior to examination at 100x and 1000x. Photographs were
taken at 100x, as well és 1000x using a Bausch & Lomb Research Metallo-
graph equipped with an oil immersion objective lens. Exposures were made
using Kodak Orthochromatic metallographic plates to achieve maximum
detail.

Examinations in the unetched condition were also made at various
magnifications tb observe the size and distribution of inclusions.
Inclusion ratings concerning size, density and distribution were based
on ASTM Specification E45(53). Some lower magnification photomicrographs

were taken using a 35 mm. camera attachment on the eyepiece of a Bausch &

Lomb Dyna-Zoom Metallograph.

2.7. Specimen Preparation

The steels used have low hardenability, and, to insure the core was

fully quenched, half-width Charpy specimens were used. Blanks were
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machined 0.030" oversize to allow for stock removal after heat treating.
All specimens were cut in a longitudinal direction of the billet. After
heat treating, blanks were returned to the machine shop for surface stock
removal and V-notching. The notch and specimen geometry were in accord-
ance with ASTM Specification E23-66(54). The specimens were notched
using a special V-notch cutting tool which produces constant notch dimen-
sions. The dimensions are not altered'when the tool is sharpened.
Representative notched specimens were checked for accuracy using an
optical comparator and found to be well within specification.

Tensile properties of the steel in the quenched and tempered condi-
tion were also investigated. Tensile specimens were specially designed
to be gripped and tested using an Instron Model Testing Machine, The
tensile specimens were 0.190" and the gage length was one inch., After
heat treating, the specimens were cleaned by vapor blasting prior to

testing.

2.8. Impact Testing

The half-width Charpy V-notch specimens were fractured using a 240
Ft.-Lb. Satec Tester equipped with a Dynatup instrumented package(ss).
The Dynatup instrumentation was pre-calibrated to yield load-time and
energy~-time curves for the specimen being fractured. All testing pro-
cedures were in accordance with ASTM Specification E23—66(54). Other
handbooks(56’57) were consulted for supplementary information on impact
testing procedures.

In Charpy V-notch impact testing, the specimen is centered horizon-

tally on a supporting anvil and fractured with a striking hammer mounted

on a swinging pendulum. The energy absorbed in fracturing the specimen
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is measured by a decrease in follow-through of the swinging pendulum.
The test assumes no loss of energy due to mechanical factors. This
assumption is not entirely true since strain and vibrational energy is
transmitted to the striking hammer, the pendulum arm, and the supporting
anvil of the impact tester. If the impact tester is properly maintained,
these mechanical losses will be negligible. Extensive analysis has been
made regarding factors which lead to erroneous results in impact test-
ing(ss). The geometry of the notch and alignment of the specimen on the
supporting anvil are especially critical. When using a properly main-
tained tester and correct testing methods, scatter within + 5% can be
expected; however, a poorly organized approach may lead to substantial
experimental error,

When testing at temperatures other than room temperature, care must
be taken to use correct procedures for cooling the specimens and trans-
ferring from the cooling medium to the supporting anvil. Specimens
fractured at -18°C. and -40°C. were air-cooled for a minimum of one hour
in a specially designed refrigerator. In the temperature range between
-40°C. and -114°C., specimens were cooled for a minimum of 15 minutes in
methyl or ethyl alcohol cooled with additions of 1liquid nitrogen. At
-196°C., specimens were cooled a minimum of 15 minutes in liquid nitro-
gen. In the temperature range between -114°C. and -196°C., specimens
were air-cooled for a minimum of one hour in a specially constructed
refrigerator consisting of a copper coil wound around an insulated stain-
less steel flask. Liquid nitrogen was fed through the coil by means of
an elevated holding tank and regulating valve. The specimens were placed
on an insulating block and the temperature was monitored with two thermo-

meters, one embedded in a heavy piece of steel located in the center of
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the flask, and the other located in open air halfway between center and
flask surface. When readings of the two thermometers approached each
other, uniform conditions were assumed to exist. Temperatures as low as
-180°C. were achieved using this system.

When transferring the specimen from the cooling medium to the sup-
porting anvil, transferring tongs must be cooled to the same temperature
as the specimen. Rapid transfer of the specimen is a critical process

and must be accomplished within 5 seconds to insure consistent results.

The critical nature of this transfer is shown in Figure 14(59) for single-
width charpy specimens at -40°F.
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Fig. 14. Effect of transfer time from cooling medium to
fracturing a standard charpy V-notch specimen
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2.9. Instrumented Impact Testing

The Charpy V-notch impact test is rapid and inexpensive; however,
the energy results do not relate well to design applications. For this
reason, in recent years experimentalists have been motivated to gain
additional information concerning fracture characteristics by instru-
menting the test. A commercial instrumented impact tester, "Dynatup"(ss)
was used in our research. The instruménted system consists of three
major components: a dynamic response module, a velocimeter, and an
instrumented striking hammer. The dynamic response module includes an
oscilloscope with storage capacity. The velocimeter triggers the oscil-
loscope sweep by means of a series of grids mounted on the pendulum which
interrupt a light source to a photo cell. The striking hammer, or tup,
is instrumented with semi-conductor strain gages mounted on or embedded
in the hammer head. From one to four strain gages may be used to mea-

sure the strain-pulse. Tardif and Marquis(60’6l)

, who did much of the
pioneer work on instrumented impact testing, used B-L-H Type C-7 strain
gages in their instrumentation.

Instrumented impact testers are calibrated either statically or
dynamically. The response from the wheatstone bridge circuit yields a
load-time trace on the oscilloscope. The response from the grid inter-
rupting light to the photo cell, yields a deflection-time curve. In the
Dynatup system, the response module integrates the resulting load-

deflection curve and produces an energy-time curve on the oscilloscope

screen. Typical load-time and energy-time curves are shown in Figure
15(62)
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Fig. 15. Typical load-time and energy-time curves from instrumented
impact testing

The maximum value of the energy-time curve corresponds to the value
of energy determined by the follow-through of the pendulum arm., This
serves as an excellent check on the mechanically determined energy value
since errors may occur in the system. Various points on the load-time
curve have been analyzed regarding fracture behavior. The general yield
point is the point where the specimen begins to plastically deform. The
maximum load is the load necessary to initiate fracture. The brittle
fracture load is not present in ductile fractures where the curves slope
gradually downward, The premaximum load energy is the energy required
to initiate fracture. The post-maximum load energy is the energy required

to propagate fracture. The post-brittle fracture energy is the energy
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associated with formation of a shear lip. Although the load-time curve
does not yield energy units, it may be used for comparison purposes since
the shape of the load-deflection curve is similar.

Fracture appearance is used in some cases to determine the transi-
tion temperature. For some structures an accurate estimate of the percent
ductile fracture is difficult. The percent ductile fracture can be deter-

mined from the load-time curve by using the following relationship:

Percent ductile fracture = F,/F x 100
2" "max

This is valuable when determining the 507 ductile-50% brittle transition

temperature and correlates well to actual visual examinations.

(60,61)

With use of pre-cracked specimens , attempts have been made

to determine the dynamic KID’ which is the plane strain, stress intensity
factor at the onset of unstable crack growth. This area is currently
being heavily researched and some results to date show the dynamic stress

intensity factor to be greater than the static stress intensity factor

determined by slow-bend tests(60).

2.10. Tensile Testing

Tensile properties were investigated to determine the effect of
prior structure on strength and ductility of tempered martensite. All
tensile testing was performed using an Instron Model Testing Machine
with a 5000 Kg. load cell. The specimens were clamp gripped and the
crosshead speed was 0.1 cm./min. for all tests. Special care was taken
to align the specimen in the grips since alignment is known to affect

(42)

results such as the observation of a sharp yield point . Three or

four specimens were tested from each heat treatment cycle. All tests
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were performed at room temperature and the following data were recorded:
yield strength, ultimate tensile strength, percent elongation, and per-

cent reduction in area.

2.11, Examination of Fractures

The fractures were examined visually and selected specimens were
photographed at approximately 3x for comparison purposes. One fracture
tested at room temperature and one tested at -196°C. were examined with
a scanning electron microscope. An American Metals Research Model 1000
SEM was used for these examinations. The microstop preservative was
removed from the fracture surface with acetone and specimens were ultra-
sonically cleaned in ethyl alcohol. After securing to the pedestal,
silver conductor paint was applied to the junction between the specimen
and pedestal. Fractured surfaces were first scanned at low magnifica-
tion and then increased to examine specific areas., Photographs were
usually taken at 200x and 2000x on each specimen.

Several inclusions on the fractured surface were analyzed using an
EDAX microprobe analyzer. This analysis is generally qualitative and
the equipment did not have the capability to analyze elements of atomic
number lower than sodium due to X-ray absorption by a beryllium window.
Polished specimens were also analyzed with the microprobe, with special
emphasis on inclusions which appeared to occupy the area of prior aus-

tenite grain boundaries,



EXPERIMENTAL RESULTS

3.1. Quenched Hardness

The Rockwell '"C" hardness readings for the specimens in the quenched
condition are shown for each austenitizing temperature in Table 7. The
results represent the total range of core hardness for three specimens
sectioned and tested from each heat treatment. Since hardness is a reli-

able quality control for quenched structures of this type, the results

Table 7

Rockwell "C" hardness of specimens quenched
from the austenitizing temperature shown

Youngstown Youngstown Republic Republic
Austenitizing #66797 (IC) #95313 (IF) #5023766 (IC) #5054025 (IF)
Treatment AISI 1040 AISI 1040 AISI 1046 AISI 1046

1500 °F. (816 °cC.)
2 Minutes 54-56 R¢ 59-61 R,

1500 °F. (816 °c.)
5 Minutes 54-55 R,  54-56 R¢ 59-60 R. 58-59 R,

1575 OF. (857 °c.)
4 Hours 58-60 R,

1725 °F. (941 °c.)
4 Hours 54-55 R¢

2000 °F. (1093 °c.)
4 Hours 55-56 Re¢

2100 °F. (1149 °c.)
4 Hours 54-56 R, 58-60 R¢ 59-60 R,

44
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indicate that our specimens were essentially martensitic throughout the
cross-section.

Microhardness testing is an excellent method to detect small varia-
tions in hardness from one location to another. Starting at 0.010" below
the surface, microhardness readings were taken at 0.040" intervals across
the section. The results expressed as Knoop Hardness Number (KHN) were
obtained using a 500 gram load and are shown in Table 8. The results
represent the total range of readings from eighteen tests on three spe-
cimens from each heat treatment. These results indicate excellent
uniformity since a 30 point variation in KHN is only 1.5 points Rc at

this hardness level.

3.2. Tempered Hardness

The same testing procedure used for quenched speciméns was used for
the tempered specimens. The Rockwell "C'" hardness results are shown in
Table 9, and the microhardness results are shown in Table 10. These
results demonstrate that our objective of tempering all specimens to the

same hardness level was achieved.

3.3. Hardness of Air-Cooled Specimens

The effect of actual and inherent austenite grain size on impact
properties was investigated for air-cooled specimens. One specimen from
each heat treatment was sectioned for hardness testing and Rockwell "B"
hardness results are shown in Table 11. The hardness of specimens heat
treated in this manner is more difficult to accurately control. Varia-
tions in grain size, carbon content, and residual alloying elements will
all affect the air-cooled hardness. The hardness results indicate that

a comparison of impact properties may be made for each grade of steel,
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Table 8

Knoop hardness number of specimens quenched
from the austenitizing temperature shown

Youngstown Youngstown Republic Republic
Austenitizing #66797 (IC) #95313 (IF) #5023766 (IC) #5054025 (IF)
Treatment AISTI 1040  AISI 1040  AISI 1046 AISI 1046
1500 °F. (816 °c.)
2 Minutes 660-704 786-810
1500 OF. (816 °c.)
5 Minutes 682-700 670-710 780-810 798-812
1575 °F. (857 °c.)
4 Hours 785-800
1725 °F. (941 °c.)
4 Hours. 660-699
2000 °F. (1093 °c.)
4 Hours 685-710
2100 OF. (1149 ©c.)
4 Hours 660-695 770-800 775-800

Table 9

Rockwell '"C" hardness after quenching and tempering.
Specimens were quenched from the austenitizing temperature shown.

Youngstown Youngstown Republic Republic
Austenitizing #66797 (IC) #95313 (IF) #5023766 (IC) #5054025 (IF)
Treatment AISI 1040 AISI 1040 AISI 1046 AISI 1046
1500 °F. (816 °c.)
2 Minutes 27-28 R, 27-28 R,
1500 °F. (816 ©°c.)
5 Minutes 26-28 R, 27-28 R¢ 27-28 R¢ 27-28 R¢
1575 ©°F. (857 ©c.)
4 Hours 26-28 R.
1725 °F. (941 °c.)
4 Hours 26-28 Re
2000 OF, (1093 ©°c.)
4 Hours 27-28 R¢

2100 °F. (1149 °c.)
4 Hours 27-28 R 27-28 R¢ . 27-28 R¢
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Table 10

Knoop hardness number after quenching and tempering.
Specimens were quenched from the austenitizing temperature shown.

Youngstown Youngstown Republic Republic
Austenitizing #66797 (IC) #95313 (IF) #5023766 (IC) #5054025 (IF)
Treatment AIST 1040 AISI 1040 AISI 1046 AISI 1046
1500 °F. (816 °c.)
2 Minutes 315-320 308-315
1500 OF. (816 ©C.)
5 Minutes 314-320 310-314 308-315 305-318
1575 °F. (857 °c.)
4 Hours 308-312
1725 °F. (941 °c.)
4 Hours 312-316
2000 °F. (1093 °c.)
4 Hours 308-322
2100 OF. (1149 °c.)
4 Hours 313-320 314-320 311-314

Table 11
Rockwell "B" hardness of specimens air-cooled
from the austenitizing temperature shown

Youngstown Youngstown Republic Republic
Austenitizing #66797 (IC) #95313 (IF) #5023766 (IC) #5054025 (IF)
Treatment AISI 1040 AISI 1040 AISI 1046 AISI 1046
1500 °F. (816 °c.)
2 Minutes 87-88 Rp 95-97 Ry
1575 °F. (857 °c.)
4 Hours 91-94 Ry
1725 °F. (941 °c.)
4 Hours - 84-85 Ry
2000 °F. (1093 ©°c.)
4 Hours 90-91 Rp
2100 °F. (1149 °c.)
4 Hours 88-89 Ry 94-96 Ry 97-98 Ry
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but the range of hardness of AISI 1046 steel was too high to be compared

with AIST 1040 steel.

3.4. Microstructure of Quenched Specimens

The hardness testing results must be supplemented by actual exami-
nation of the microstructure. Small quantities of a second phase may be
located in the grain boundaries and may not be revealed by hardness test-
ing, but could have a serious detrimental effect on impact properties.
The microstructure of quenched specimens was examined at 100x and 1000x.
Representative areas in the core of the specimens were photographed at
1000x and are shown in Figures 16-19. These photographs represent the
quenched structure in specimens quenched from the coarsest and the finest
austenite grain size. Although there is a remarkable difference in;mar—
tensite needle length depending on the prior austenite grain size, only
isolated areas of bainite were found in the structure. One of the more
important observations was the presence of continuous or semi-continuous
inclusion networks located in prior austenite grain boundaries of steels
quenched from coarse grained austenite. These inclusions were found only
in the three heats of steel which contained aluminum and are shown in the

top photograph in Figures 17-19.

3.5. Microstructure of Quenched and Tempered Specimens

The microstructure after tempering was examined and representative
photographs at 1000x are shown in Figures 20-23. In this condition a
fine dispersion of carbides in the structure contributes to the diffi-
culty of revealing the ferrite grain size by etching or measuring grain
size by other methods. Photographs do reveal that the pattern of ori-
ginal martensite needles is still present, and that prior austenite grain

boundaries can still be located in some cases.
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Fig. 16. As-quenched martensite structure for Youngstown #66797 (IC)
(AISI 1040) Top: austenitized at 2000°F., 4 hours. Bottom:
austenitized at 1500°F., 2 minutes (1000x), nital etch
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Fig. 17. As-quenched martensite structure for Youngstown #95313 (IF)
(AISI 1040) Top: austenitized at 2100°F., 4 hours. Bottom:
austenitized at 1500°F., 5 minutes (1000x), nital etch



51

Fig. 18. As-quenched martensite structure for Republic #5023766 (IC)
(AISI 1046) Top: austenitized at 2100°F., 4 hours. Bottom:
austenitized at 1500°F., 2 minutes (1000x), nital etch
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Fig. 19. As-quenched martensite structure for Republic #5054025 (IF)
(AIST 1046) Top: austenitized at 2100°F., 4 hours. Bottom:
austenitized at 1500°F., 5 minutes (1000x), nital etch
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Fig. 20. Quenched and tempered structure for Youngstown #66797 (IC)
(AISI 1040) Top: austenitized at 2000°F., 4 hours. Bottom:
austenitized at 1500°F., 2 minutes (1000x), nital etch
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Fig. 21. Quenched and tempered structure for Youngstown #95313 (IF)
(AISI 1040) Top: austenitized at 2100°F., 4 hours. Bottom:
austenitized at 1500°F., 5 minutes (1000x), nital etch
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Fig. 22. Quenched and tempered structure for Republic #5023766 (IC)
(AISI 1046) Top: austenitized at 2100°F., 4 hours. Bottom:
austenitized at 1500°F., 2 minutes (1000x), nital etch
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Fig. 23. Quenched and tempered structure for Republic #5054025 (IF)
(AISI 1046) Top: austenitized at 2100°F., 4 hours., Bottom:
austenitized at 1500°F., 5 minutes (1000x), nital etch
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In order to investigate the size and shape of ferrite grains in tem-
pered martensite as affected by prior structure, specimens were tempered
at 1300°F. for 24 hours. This tempering treatment served to coalesce the
carbides and increase the grain size. This made possible the examination
of ferrite grains by using standard etching techniques. These photographs
at 1000x are shown in Figures 24-27 for steel quenched from the coarsest
and finest austenite grain sizes. The photographs indicate that prior
austenite grain size has little or no effect on ferrite grain size. The
most significant effect is the shape of ferrite grains and the distribu-
tion of carbides. Even after this lengthy tempering treatment, ferrite
grain shape reflects the shape of the martensite plates, and carbides

tend to be distributed parallel to this direction.

3.6. Microstructure of Air-Cooled Specimens

Air-cooled specimens were sectioned and examined at 100x. Represen-
tative photographs of the microstructure are shown in Figures 28-31 for
specimens cooled from coarse and fine grained austenite. For specimens
cooled from fine grained austenite, we observed a uniform structure of
pearlite and ferrite. Specimens cooled from coarse grained austenite
have a continuous network of ferrite surrounding the pearlite. One heat
of steel, Youngstown #95313 (IF), (Figure 29) has a substantial amount
of ferrite precipitated as Widmanstdtten plates. This type of precipi-
tate was observed even though the cooling rate was identical to other
steels. The Widmanstdtten precipitate apparently enhanced impact pro-

perties and this will be discussed in more detail in a later section.



Fig. 24. Quenched and tempered structure for Youngstown #66797 (IC)
(AISI 1040) Tempered at 1300°F., 24 hours. Top: austenitized
at 2000°F., 4 hours. Bottom: austenitized at 1500°F., 2
minutes (1000x), nital etch
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Fig. 25. Quenched and tempered structure for Youngstown #95313 (IF)
(AISI 1040) Tempered at 1300°F., 24 hours. Top: austenitized
at 2100°F., 4 hours. Bottom: austenitized at 1500°F., 5
minutes (1000x), nital etch
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Fig. 26. Quenched and tempered structure for Republic #5023766 (IC)
(AISI 1046) Tempered at 1300°F., 24 hours. Top: austenitized
at 2100°F., 4 hours. Bottom: austenitized at 1500°F., 2
minutes (1000x), nital etch
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Fig. 27. Quenched and tempered structure for Republic #5054025 (IF)
(AISI 1046) Tempered at 1300°F., 24 hours. Top: austenitized
at 2100°F., 4 hours. Bottom: austenitized at 1500°F., 5

minutes (1000x), nital etch



Fig. 28. Air-cooled structure of Youngstown #66797 (IC), (AISI 1040).
Top: austenitized at 2000°F., 4 hours. Bottom: austenitized
at 1500°F., 2 minutes (100x), nital etch



Fig. 29. Air-cooled structure of Youngstown #95313 (IF), (AISI 1040).
Top: austenitized at 2100°F., 4 hours. Bottom: austenitized
at 1725°F., 4 hours (100x), nital etch
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Fig. 30. Air-cooled structure of Republic #5023766 (IC), (AISI 1046).
Top: austenitized at 2100°F., 4 hours. Bottom: austenitized
at 1500°F., 2 minutes (100x), nital etch
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Fig. 31. Air-cooled structure of Republic #5054025 (IF), (AISI 1046).
Top: austenitized at 2100°F., 4 hours. Bottom: austenitized
at 1575°F., 4 hours (100x), nital etch
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3.7. Impact Testing

In order to determine a transition curve, impact energy was deter-
mined at several temperatures for each heat treatment. These results for
quenched and tempered specimens are shown in Tables 12 and 13. The
results are energy absorbed by fracturing the specimen as measured by
pendulum follow-through. The scale could be read to the nearest 0.5 ft.
1b.

Results from Table 12 and Table 13 are shown graphically in Figures
32-35. In each of these Figures, three curves are plotted. Each curve
represents impact energy for specimens quenched from fine, intermediate,
and coarse austenite grains., The transition temperature is taken as the
inflection point of the impact energy-temperature curve and these results
are summarized in Table 1l4. For each of the four heats of steel, there
is no consistency with respect to the effect of austenite grain size on
the transition temperature. In one case the specimens quenched from a
coarse austenite grain size had the lowest transition temperature, in
two cases the intermediate grain size was the lowest, and in one case
the finest grain size was lowest. When comparing inherently fine grain
steel to inherently coarse grain, generally the fine grain steel has
lower transition temperatures. For equivalent prior austenite grain
sizes this value is 7-22°C. for AISI 1040 steel, and 7-47°C. for AISI
1046 steel.

An additional consideration when examining the transition curves is
upper shelf energy or impact energy at room temperature. For three heats
of steel, upper shelf impact energy is improved by approximately 10% by
quenching from fine grained austenite, but for the other heat (Figure 35)

impact energy is improved 100%. When comparing the upper energy shelf
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Table 12

Charpy V-notch impact energy in ft. 1lbs. for quenched
and tempered AISI 1040 steel

Youngstown #66797 (IC) Youngstown #95313 (IF)
Testing 1500 ©°F. 1500 °F. 2000 °F. 1500 °F. 1725 °F. 2100 °F.
Temp., °C. 2 min. 5 min. 4 hrs. 5 min. 4 hrs. 4 hrs.
22 31.5 31.5, 34.0 30.0 35.5 36.0, 35.5 31.5
-18 29.0 32.5 27.5 34.5 36.5 30.0
=40 31.5 32.5 27.5 34.0 32.5 32.5
-62 31.0 28.0 24.5 31.0 33.0 27.0
-70 - 29.0 - - - -
-79 28.5 28.0 23.5 32.0 30.0 25.0
-85 - 15.0 23.5 - - 23.5
-97 24.5 14.0 10.5 35.0 31.0 16.5
-100 - - - 29.5 - -
-114 11.0 8.5 11.5 27.0 29.0, 29.5 13.5
-128 9.5 8.0 7.0 11.5 22.5 10.0
-150 8.0 8.0 5.0 - 11.0 4.0
-196 4.0 5.0, 7.5 3.0 11.0, 10.0 6.0 4.5
Table 13
Charpy V-notch impact energy in ft. 1lbs. for quenched
and tempered AISI 1046 steel
Republic #5023766 (IC) Republic #5054025 (IF)
Testing 1500 °F. 1500 °F. 2100 °F. 1500 °F. 1575 °F. 2100 °F.
Temp., °C. 2 min. 5 min. 4 hrs. 5 min. 4 hrs. 4 hrs.
22 29.5 27.5 24.0, 24.5 42.5, 43.5 35.5, 41.0 21.5
-18 26.5 26.5 24.0 32.5 35.5 22.5
=40 25.5 26.0 22.0 30.5 34.0 21.5
-62 15.0, 23.0 22.5 19.0 29.0, 37.0 30.5 20.5, 22.0
-70 - 14.0 - - - 20.5
79 14.5 13.0 16.5 34.0 29.0 22.0
-85 - - - - 33.0 13.0
-97 10.0 10.0 10.5 26.0 29.5 12.5
-114 8.5 9.0 7.5 13.5 25.5 7.0
-128 8.0 6.5 6.5 8.0 9.5 6.5
-150 8.0 - 4.0 - 8.0 -
-196 5.0, 5.5 6.0, 6.0 3.5 8.0 8.0, 7.5 2.5
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Fig. 32. Charpy V-notch transition curves for quenched and tempered
Youngstown #66797 (IC), AISI 1040
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Fig. 33. Charpy V-notch transition curves for quenched and tempered
Youngstown #95313 (IF), AISI 1040



70

40T

D= == = = — AUSTENITIZED 1500 °F., 2 MIN. 50
35+ o AUSTENITIZED 1500 ©F., 5 MIN.

A— AUSTENITIZED 2100 °F., 4 HRS.
30 +

25 L 2

N
o
L
v

CHARPY V-NOTCH ENERGY, FT. LBS.
JOULES

o.-

-150 -100 -50
TESTING TEMPERATURE, °cC.

Fig. 34. Charpy V-notch transition curves for quenched and tempered
Republic #5023766 (IC), AISI 1046



71

45=
= 60
404
" 50
o 354
m
3
—
<7
>4 L
< 40
=
=
ja o]
S 25
o
=
>
30
: 8
20 =]
g S
154 " 20
10+
" 10
54
/ ° AUSTENITIZED 1500 ©F., 5 MIN.
Q== = = AUSTENITIZED 1575 ©OF., 4 HRS.
A- AUSTENITIZED 21.00 °F., 4 HRS.
| ] | ] v L 2
-150 -100 -50 0

TESTING TEMPERATURE, °C.

Fig. 35. Charpy V-notch transition curves for quenched and tempered
Republic #5054025 (IF), AISI 1046



72

Table 14

Inflection point transition temperature for half-width,
quenched and tempered Charpy V-notch specimens

Austenitizing Transition
Heat Treatment Temperature, °C.
Youngstown #66797 1500°F., 2 min. -108
(ICc), AISTI 1040 1500°F., 5 min. =92
2000°F., 4 hrs. -95
Youngstown #95313 1500°F., 5 min. -125
(IF), AISI 1040 1725°F., 4 hrs. -130
2100°F., 4 hrs. =102
Republic #5023766 1500°F., 2 min. -65
(IC), AISI 1046 1500°F., 5 min. -68
2100°F., 4 hrs. -85
Republic #5054025 1500°F., 5 min. =102
(IF), AISI 1046 1575°F., 4 hrs. -112
2100°F., 4 hrs. -92

for inherently coarse and fine grain, quenched from a fine grained con-
dition, fine grain steel 1is superior by 107 for AISI 1040 and 50% for
AISI 1046. However, when both inherently coarse and fine grain steels

are quenched from coarse austenite grains, there is little or no advan-

tage for fine grain steels.

When comparing transition temperature and upper shelf energy, inher-
ently fine grain steels are equal or superior to inherently coarse grain
steels. The same general relationship holds for steel quenched from a
structure of fine austenite grains compared to the same steel quenched
from coarse austenite grains. All steels tested in the quenched and
tempered condition showed excellent impact properties and in general, low
transition temperatures. This observation is true even though the tran-
sition temperature for half-width specimens is lower than full-width

specimens prepared in an identical manner.
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Transition curves were also determined for air-cooled specimens.
Results of impact energy at various testing temperatures are shown in
Table 15. The data from Table 15 are shown graphically in Figures 36-
37. For these structures, prior austenite grain size was a significant
variable, since steel cooled from coarse austenite grains showed a higher
transition temperature and lower upper shelf energy. The only exception
was Youngstown #95313 (IF) which showed improved upper shelf energy over
other steels cooled from coarse grained austenite. The transition temp-
eratures for steels in this condition (Table 16), are generally near or
substantially above the temperature range to which parts or structures
are subjected. This is especially significant when considering that
full-width specimens would yleld a higher transition temperature. The
results indicate that air-cooling from fine grained austenite is of
utmost importance, and generally an inherently fine grain steel is super-
ior to an inherently coarse grain steel when coarsened to an identical

austenite grain size.

3.8. Load-Time and Energy-Time Curves

Load-time and energy-time curves were obtained from Dynatup instru-
mentation used on the impact tester. As indicated earlier, these curves
may be used to provide additional information about fracture character-
istics of the specimen being tested. The load-time curve ylelds fracture
information such as dynamic yield point, load to initiate fracture, and
load to propagate fracture. The energy-time curve serves as a valuable
double check on the energy value obtained from pendulum follow-through.

In addition to the energy transition temperature, another criterion

often used in fracture studies is the fracture appearance transition
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Table 15

Charpy V-notch impact energy in ft. 1lbs, for air-cooled specimens

Youngstown #66797 (IC)

Youngstown #95313 (IF)

Testing 1500 °F. 2000 °F. 1725 ©F. 2100 ©F.

Temp., °C. 2 min. 4 hrs. 4 hrs. 4 hrs.

100 - 11.0 - 24.0, 18.0

66 - 11.5 - 13.5

22 24,0, 20.0 8.5, 7.0 22.5, 26.0 10.0, 9.0

-18 9.5, 12.0 2.5 19.0 1.5

=40 8.0 - 11.5 -

-62 3.0 - 2.0 -

=70 - - 3.0 -
Republic #5023766 (IC) Republic #5054025 (IF)
1500 ©OF. 2100 ©F. 1575 °F. 2100 °F.
2 min. 4 hrs. 4 hrs. 4 hrs.

100 - 7.0, 10.0 - 12.0

66 24.0 6.0, 6.0 21.0 8.0

22 15.0 3.0 13.5 6.0, 7.5

-18 9.5 2.5 9.5 -

=40 7.5 - 7.0 3.0

-62 7.0 - 5.0 -

-87 5.5 - 4.0 -

Table 16

Inflection point transition temperature for half-width,
air-cooled Charpy V-notch specimens

Austenitizing Transition
Heat Treatment Temperature, ©C.
Youngstown #66797 1500 °F., 2 min. -25
(IC), AISI 1040 2000 °F., 4 hrs. 25
Youngstown #95313 1725 °F., 4 hrs. -35
(IF), AISI 1040 2100 ©°F., 4 hrs. 30
Republic #5023766 1500 ©°F., 4 hrs. 15
(IC), AISI 1046 2100 ©F., 4 hrs. 45
Republic #5054025 1575 °F., 4 hrs. 15
(IF), AISI 1046 2100 ©F., 4 hrs. 25
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temperature. The point of transition is usually considered to be the
temperature at which the fracture is 50% fibrous and 507 brittle. This
determination is often by visual examination or measurements on the
fracture surface; however, in many cases where a sharp demarcation between
the two regions does not exist, determination is difficult to perform
in an accurate manner. The instrumented impact test may be used to
determine percent brittle fracture in the area of the transition temp-
erature. Energy-time and load-time curves for quenched and tempered
specimens tested at -196°C., -128°C., -62°C., and 22°C. are shown in
Figures 38-41. 1In the region of the transition temperature, percent
brittle fracture may be compared for steels at each heat treatment.
Results for each steel quenched from coarse and fine grained austenite
are shown in Table 17. These results show that the specimen with the

lowest percent brittle fracture at -128°C. (Youngstown #95313, IF), is

Table 17

Percent brittle fracture for quenched and tempered specimens

Austenitizing
Heat Treatment -196 °c. -128 ©c.
Youngstown #66797 1500 °F., 2 min. 87% 847,
(IC), AISI 1040 2000 ©F., 4 hrs. 89% 847
Youngstown #95313 1500 °F., 5 min. 85% 72%
(IF), AISI 1040 2100 OF., 4 hrs. 87% 86%
Republic #5023766 1500 °F., 2 min. 847, 827
(ICc), AISI 1046 2100 OF., 4 hrs. 887 83%
Republic #5054025 1500 ©9F., 5 min. 837% 83%

(IF), AISI 1046 2100 ©F., 4 hrs. 89% 83%
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Fig. 38, Load-time and energy-time curves for quenched and tempered

specimens fractured at -196°C. Top to bottom: Youngstown
#66797 (IC), AISI 1040; Youngstown #95313 (IF), AISI 1040;
Republic #5023766 (IC), AISI 1046; Republic #5054025 (IF),
AISI 1046. First column quenched from coarse grained aus-
tenite, and second column quenched from fine grained austen-
ite. Vert. load scale: 500 1lbs./div. Vert. energy scale:
2 ft. 1bs./div. Horiz. time scale: 0.2m-sec./div.



79

Fig. 39. Load-time and energy-time curves for quenched and tempered
specimens fractured at -128°C. Top to bottom: Youngstown
#66797 (IC), AISI 1040; Youngstown #95313 (IF), AISI 1040;
Republic #5023766 (IC), AISI 1046; Republic #5054025 (IF),
AISI 1046. First column quenched from coarse grained aus-
tenite; second column quenched from fine grained austenite.
Vert, load scale: 500 lbs./div. Vert. energy scale: 5 ft.
1bs./div. Horiz. time scale: 0.2 m-sec./div.
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Fig. 40. Load-time and energy-time curves for quenched and tempered
specimens fractured at -62°C. Top to bottom: Youngstown
#66797 (IC), AISI 1040; Youngstown #95313 (IF), AISI 1040;
Republic #5023766 (IC), AISI 1046; Republic #5054025 (IF),
AISI 1046. First column quenched from coarse grained aus-
tenite; second column quenched from fine grained austenite.
Vert. load scale: 500 1lbs./div. Vert. energy scale: 5 ft.
1bs./div. Horiz. time scale: 0.2 m-sec./div.
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Fig. 41. Load-time and energy-time curves for quenched and tempered
specimens fractured at 22°C. Top to bottom: Youngstown
#66797 (IC), AISI 1040; Youngstown #95313 (IF), AISI 1040;
Republic #5023766 (IC), AISI 1046; Republic #5054025 (IF),
AISI 1046. First column quenched from coarse grained aus-
tenite; second column quenched from fine grained austenite.
Vert. load scale: 500 lbs,/div. Vert. energy scale: 5 ft.
1bs./ div. Horiz. time scale: 0.2 m-sec./div.



82

of the same heat and heat treatment as the specimens which yielded the
lowest energy transition temperature. When ductile fracture is pre-
dominant, as in the fractures at -62°C. and 22°C., fracture appearance
characteristics cannot be determined from the load-time curves.

It has been reported that a gradual slope at the trailing end of
the load-time curve is associated with energy to form a shear lip(62).
An excellent correlation between the shape of the load-time curves and
the fracture appearance was observed. As an example, the load-time
curve for Republic #5054025 (IF), austenitized at 1500°F. for 5 minutes,
is shown in Figure 41. This curve shows an extremely long and gradual
slope on the trailing end, and the fracture was observed to have a large
shear lip.

Energy-time and load-time curves at -18°C. are shown for air-cooled
specimens in Figure 42. For these specimens there are large differences

in the energy-time curves, and the energy to initiate fracture is far

greater for specimens cooled from fine grained austenite.

3.9. Macroscopic Examination of Fractures

The Charpy V-notch impact fréctures were examined visually and
photographed at approximately 3x. Photographs for the quenched and tem-
pered specimens fractured at -196°C., -114°C., -62°C., and 22°C. are
shown in Figures 43-46. These photographs show that the top rows, which
represent specimens quenched from fine grained austenite, have a finer
appearance than specimens in the bottom row, which were quenched from
coarse grained austenite. The difference in fracture appearance is

accentuated at lower temperatures (left to right in the photographs).
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Fig. 42. Load-time and energy-time curves for air-cooled specimens

fractured at -18°C. Top to bottom: Youngstown #66797 (IC),
AISI 1040; Youngstown #95313 (IF), AISI 1040; Republic
#5023766 (IC), AISI 1046; Republic #5054025 (IF), AISI 1046.
First column air-cooled from coarse grained austenite;
second column air-cooled from fine grained austenite. Vert.
load scale: 500 1bs./div. Vert. energy scale: 5 ft. lbs./
div. Horiz. time scale: 0.2 m-sec./div.
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Fig. 43. Fractures of quenched and tempered specimens of Youngstown

#66797 (IC), AISI 1040. Top row: austenitized 1500°F.,
2 min. Bottom row: austenitized 2000°F., 4 hrs. From
left to right: fractured at 22°C., -62°C., -114°C. and -196°C.
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Fractures of quenched and tempered specimens of Youngstown
#95313 (IF), AISI 1040. Top row: austenitized 1500°F.,

5 min., Bottom row: austenitized 2100°F., 4 hrs. From left
to right: fractured at 22°C., -62°C., -114°C., and -196°C.
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Fractures of quenched and tempered specimens of Republic
#5023766 (IC), AISI 1046. Top row: austenitized 1500°F.,
2 min. Bottom row: austenitized 2100°F., 4 hrs. From

left to right: fractured at 22°C., -62°C., -114°C., and
-196°C.
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Fig. 46. Fractures of quenched and tempered specimens of Republic

#5054025 (IF), AISI 1046. Top row: austenitized 1500°F.,
5 min. Bottom row: austenitized 2100°F., 4 hrs. From
left to right: fractured at 22°C., -62°C., -114°C., and
-196°C.
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This indicates that as percent brittle fracture increases, prior austen-
ite grain size has an increasing influence on fracture appearance.
Photographs of air-cooled specimen fractures at 22°C. are shown in
Figure 47. 1In this photograph, tﬂe top row of fractures are specimens
cooled from fine grained austenite, and the bottom row are specimens
cooled from coarse grained austenite. There is a significant difference
in fracture appearance, the top row being finer and having some degree
of shear 1lip. The top row also shows a mixture of fibrous and granular
fracture, while the bottom row is completely granular. In these frac-
tures, appearance 1is greatly affected by prior austenite grain size at

all temperatures.

3.10. Microscopic Examination of Fractures

The scanning electron microscope (SEM) was used for microscopic
examination of the fractured surfaces. This examination was necessary
to investigate the relationship between macroscopic and microscopic
fracture appearance. A SEM examination was made of all quenched and tem—
pered specimens fractured at 22°C. and -196°C. There was great similar-
ity between the fractographs regardless of the heat of steel tested. For
example, the fractographs of all steel quenched from coarse grained aus-
tenite and tested at -196°C., were nearly identical. Representative
fractographs for specimens quenched from coarse grained austenite and
fractured at 22°C. and -196°C. are shown in Figure 48; and representative
fractographs for specimens quenched from fine grained austenite and frac-
tured at 22°C. and -196°C. are shown in Figure 49. In comparing these
figures, specimens fractured at 22°C. show that fracture occurred by

microvoid coalescence in both cases. Specimens fractured at -196°C. show
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Fractures of air-cooled specimens tested at 22°C. Top row:
air-cooled from fine grained austenite. Bottom row: air-cooled
from coarse grained austenite. From left to right: Youngstown
#66797 (IC), AISI 1040; Youngstown #95313 (IF), AISI 1040;
Republic #5023766 (IC), AISI 1046; Republic #5054025 (IF),

AISI 1046.
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Fig. 48, SEM fractographs of quenched and tempered specimens, quenched
from coarse grained austenite. Top: Fracture at 22°C. shows
microvoid coalescence. Bottom: Fracture at -196°C. shows
cleavage and quasi-cleavage. (2000x)



Fig. 49. SEM fractographs of quenched and tempered specimens, quenched
from fine grained austenite. Top: Fracture at 22°C. shows
microvoid coalescence. Bottom: Fracture at -196°C. shows
cleavage and quasi-cleavage. (2000x)
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that fracture occurred by cleavage and quasi-cleavage in both cases.
There is essentially no difference in facet size when comparing the two
brittle fractures. Results of these examinations indicate that micro-
scopic fracture appearance is not influenced by prior austenite grain
size for quenched and tempered specimens.

The SEM fractographs of specimens air-cooled from coarse and fine
grained austenite and fractured at 22°C. are shown in Figure 50. The
fracture of the specimen air-cooled from coarse grained austenite is
almost entirely by cleavage, while the specimen cooled from fine grained
austenite has fractured by cleavage and quasi-cleavage. The major dif-
ference between the two fractures is the size of cleavage facets, the
fine grained specimen having much finer facets. In these cases, micro-
scopic and macroscopic fracture appearances relate well to each other.

When examining fractures of air-cooled specimens on a macroscopic
scale, it was observed that the fractured surface consisted of some areas
of granular and some areas of fibrous appearance. These two areas were
examined on a microscopic scale and are shown in Figure 51. A great
difference can be seen in fracture appearance, with the granular area
showing fracture by cleavage with large facets, and the fibrous area
showing fracture by a mixture of microvoid coalescence and cleavage with
smaller facets. Since this great difference in fracture mode may be
observed on the same specimen, all other fractographs were taken from
the area just behind the notch, which is the area most likely to show

brittle fracture.

3.11. Microscopic Examination of Inclusions

Polished specimens of all steels were scanned at 100x with an opti-

cal microscope to determine the size and distribution of inclusions. As
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Fig. 50. SEM fractographs of air-cooled specimens at 22°C, Top: air-
cooled from coarse grained austenite shows fracture by cleavage.
Bottom: air-cooled from fine grained austenite shows fracture
by cleavage and quasi-cleavage. (2000x)
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Fig. 51. SEM fractographs of air-cooled specimens at 22°C. Top: Center
of specimen shows a cleavage fracture. Bottom: Edge away from
the notch shows substantial microvoid coalescence. (2000x)
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discussed earlier, inclusions which are small and well dispersed, would
be expected to have little effect on impact properties. Stringer type
inclusions or thin films in grain boundaries would be expected to be
detrimental to impact properties. In general the inclusions found in
all steels were small and well dispersed. The ASTM Specification E45(53)
classification is mostly Type A with some areas of Type B. At higher
magnification, grain boundary inclusion films were visible in steels con-
taining aluminum, but only after they had been austenitized at high
coarsening temperatures. These inclusions as shown in Figure 52, were
not observed in one heat of steel which did not contain aluminum, nor
were they found in any steel when low austenitizing temperatures and
short times were used. The inclusion films were a result of coalescence
of minute inclusions at the austenitizing temperature, or they were pre-
cipitated in austenite grain boundaries on cooling from the austenitizing
temperature.

The microprobe analyzer can be used to identify inclusions on a
fractured surface. An inclusion stringer protruding from the fractured
surface was analyzed in such a manner as shown in Figure 53. The three
peaks identified on the energy spectrum are sulfur at 2310 Ev., mangan-
ese at 5900 Ev., and iron at 6400 Ev. This inclusion was identified as
a manganese sulfide. In a similar manner, the microprobe may be used to
analyze inclusions on polished surfaces. Typical SEM photographs of
inclusions are shown in Figure 54. In the top photograph, the triangu-
lar shaped inclusion is high in silicon, the oval inclusion is a manganese
sulfide, and the thin elongated inclusion is high in aluminum. The
triangular inclusion is apparently located in a junction of three grain

boundaries. In the bottom photograph, the long stringer inclusion is
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Fig. 52. Optical photomicrograph of inclusions apparently located in
prior ite grain b ies of al killed steel.
Austenitized at 2100°F., 4 hrs. (1000x), unetched
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VS5:2500 HS: 20EV/CH

Fig. 53. X-ray spectrum (top) of inclusion protruding from fractured
surface of SEM fractograph (Bottom). Inclusion is identified
as a manganese sulfide.



Fig. 54, Top: Three inclusions identified with microprobe analyzer:
(triangle) high silicon; (oval) manganese sulfide; (elongated)
high aluminum. Bottom: (long stringer) high aluminum;
(round) manganese sulfide. Specimens were austenitized at
2100°F., 4 hrs. (2000x)
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high in aluminum, and the circular inclusion is manganese sulfide. Most
stringer type or thin film inclusions were found to be high in aluminum,
indicating either aluminum oxides or aluminum nitrides.

Many inclusions (Figure 55) are of complex composition and were
found to be composed of aluminum, sulfur, manganese and iron. Positive

identification was not possible in these cases.

3.12. Sharp Yield Point

In order to investigate the possibility of other mechanical tests
reflecting differences in impact properties, the general tensile proper-
ties of the steels were determined. Tensile properties were determined
for quenched and tempered specimens which had been quenched from coarse
grained and fine grained austenite. Results of these tests are shown in
Table 18. The tests were performed at room temperature (22°C.) and the
percent reduction in area shows some correlation with room temperature
impact properties. This is especially true of Republic #5054025 (IF) in
which specimens quenched from coarse grained austenite had only 507% as
much reduction in area as those quenched from fine grained austenite.
This ratio is nearly identical to that found in impact testing results,
where specimens quenched from fine grained austenite had twice the impact
energy at room temperature as those quenched from coarse grained austenite.

The other significant observation made in tensile testing was the
presence of a sharp yield point in some cases. The presence or absence
of a sharp yield point was found to be related to the austenitizing
treatment used prior to quenching and tempering. A sharp yield point
was observed when testing those specimens austenitized for short times

at low temperatures. The sharp yield point behavior was not observed
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Fig. 55. X-ray spectrum (top) of complex inclusion (bottom) showing
peaks for aluminum, sulfur, manganese, and iron. (10000x)
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Table 18

Average tensile properties for quenched and tempered specimens.
Crosshead speed: 0.1 cm./min,

Austenitizing U.T.S. Y.S. No. of

Heat Treatment (psi) (psi) % E 7% R.A. Tests
Youngstown
#66797 (IC) 1500 °F., 5 min. 126,478 113,929 15.5 60.3 4
AISI 1040 2000 °F., 4 hrs. 127,226 113,598%* 12.1 44.0 4
Youngstown :
#95313 (IF) 1500 °F., 5 min. 123,723 116,919 16.0 60.8 4
AISI 1040 2100 OF., 4 hrs. 124,052 109,079* 16.0 58.4 4
Republic
#5023766 (IC) 1500 ©F., 5 min. 126,992 115,185 16.5 57.6 4
AISI 1046 2100 OF., 4 hrs. 124,934 108,460* 16.0 43.7 4
Republic
#5054025 (IF) 1500 ©F., 5 min. 123,177 114,168 15.8 60.0 3
AISI 1046 2100 OF., 4 hrs. 125,223 108,376* 14.3 30.1 3

* 0.2% offset yield strength

when testing those specimens austenitized at 2000°F. or 2100°F. for four
hours, and in those cases a 0.2% offset yield strength was determined.
When the yield point was observed, the degree of yielding was found

to be related to aluminum content. Aluminum content also controlled
austenite grain size. The effect of aluminum content and prior austenite
grain size on the degree of yielding is shown schematically in Figure 56.
Since fine grain size and presence of nitrogen in solid solution are
known to increase the tendency for sharp yield point behavior(az), it
appears that aluminum plays a dual role in these experiments. First,

the presence of aluminum produces finer austenite grains which result in

more equiaxed ferrite grains in tempered martensite as shown in Figures

24-27, Second, aluminum combines with nitrogen to form aluminum nitride
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Schematic representation of the influence of aluminum content
and prior austenite grain size on the yield point of specimens
tested in the quenched and tempered condition.
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at austenitizing temperatures. By removing nitrogen from solid solution
in this manner, the tendency for a sharp yield point is decreased. This

accepted theory is contrary to the results we observed.



DISCUSSION

4,1. Grain Growth

Grain boundaries are high energy areas within the structure. With
thermal activation, grains will always tend to grow in order to reduce
the total grain boundary area. The accepted theory concerning the role
of aluminum in austenite grain size control, involves the precipitation
of aluminum nitride in the grain boundaries. According to Beeghly(ZA),
this precipitation reaches a maximum at relatively low austenitizing
temperatures in the range of 1400-1500°F. These precipitates act as
barriers to grain boundary movement, thereby resisting grain growth. In
order to be effective, these precipitates must be concentrated in the
grain boundaries and be small in size. As the austenitizing temperature
is increased, these precipitates coalesce, and, finally at temperatures
in the range of 1900-2100°F. aluminum nitride begins to dissociate and
dissolve in the austenite. This theory is supported by the work of
Beeghly (Figure 5) in determining the combined and uncombined aluminum
in steel after being austenitized at various temperatures. Other sup-
port(27) comes from reports of aluminum nitride precipitates being
identified in or near austenite grain boundaries.

The aluminum nitride theory does have some shortcomings and is very
likely an oversimplification of the actual situation. Aluminum nitrides

have not been observed in other than the coalesced condition. This 1is

not surprising since an effective barrier may consist of particles as

104
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small as 20-200 & in diameter. It has been shown that inherently coarse
grain steels begin to coarsen within seconds of reaching the austeniti-
zing temperature(zs). Since inherently coarse grain steels resist this
type of coarsening, we assume this resistance is due to the presence of
aluminum nitride in the grain boundaries. This mechanism requires
instantaneous precipitation in the newly formed boundaries. The avail-
ability of aluminum for this precipitation is questionable since it is
substitutional in iron and has a relatively low diffusion rate(30).
Steels having aluminum contents as low as 0.01% are inherently fine grain.

Other experimental evidence has shown that aluminum is ineffective
in controlling grain size unless in the presence of air(21). This type
of experiment was also performed to show that aluminum is not effective
unless in the presence of oxygen(zo). Such results support the theory
that aluminum oxides play an important role in restricting grain growth.

Our grain growth studies follow the classical results. Inherently
coarse grain steels begin to coarsen immediately upon reaching the aus-
tenitizing temperature, and they then show a steady increase 1n grain
size as the temperature is increased. Inherently fine grain steels
resist coarsening to a remarkable degree until the 1900-2100°F. temp-
erature range; then coarsening proceeds rapidly until the grain size
equals or surpasses the inherently coarse grain steel. This general
inherently fine grain behavior was observed in one heat of steel having
an aluminum content of only 0.012%.

The early theories of grain size control which were advanced in the

(23)

1930's suggest that aluminum oxide, an unknown constituent or alu-

(8)

minum itself were principally involved in restricting grain growth.

It may be suggested that aluminum nitride and aluminum oxide are both
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majqr contributors to grain growth control. Aluminum oxide is present
in the structure prior to reaching the austenitizing temperature, and
may aid substantially in initial grain growth control upon transforma-
tion. Aluminum oxide is stable and does not dissociate at coarsening
temperatures, but it does coalesce, thereby reducing its effectiveness.
Immediately upon austenitizing, minute particles of aluminum nitride
may begin to precipitate in the newly formed grain boundaries. These
precipitates act as a barrier to grain boundary movement along with
aluminum oxides. Possibly the new precipitates lower the free energy
of the grain boundary, thereby reducing the driving force for grain
growth. As the temperature is increased, these particles coalesce and
finally dissociate, leaving only the coalesced aluminum oxides to
restrict grain growth.

This type of explanation may account for observed behavior where
steels as low as 0.01% aluminum may be inherently fine grain, while
steels as high as 0.027 aluminum may be inherently coarse grain.

Whether a steel is inherently coarse or fine grain depends not only on
the aluminum content, but on the relative concentrations of nitrogen and
oxygen and the degree to which aluminum is combined as stable aluminum
oxide(63).

Further experimental evidence is required to formulate the exact
grain growth controlling mechanism. Experimental observation and iden-
tification of a precipitate network in austenite grain boundaries at low
austenitizing temperatures is the type of evidence required to determine

the exact role of the many variables in this situation.
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4.2. Grain Size Control During Heat Treating

It has been demonstrated that refining the grain size increases the
strength and toughness of metals(GA). The situation in steel is compli-
cated by the transformation which occurs during heat treating. The
austenite grain size which exists at higher temperatures does not exist
at normal testing temperatures, but it is known to have an effect on the
mechanical properties. The degree of this effect is related to the heat
treating method employed; specifically important is the cooling rate from

the austenitizing temperature. Since our experiments involved two dis-

tinct cooling rates, these will be considered separately.

4.2.1. Quenching and Tempering

Quenching steel from the austenite structure to form martensite is
a grain refining technique. The body-centered-tetragonal martensite
plates which form are substantially smaller than the austenite grainms,
and hundreds of plates may form from one austenite grain. When consid-
ering large and small austenite grains, large grains produce longer
plates on the average, but the plate width is essentially the same for

(65), and it was

both cases. This fact has been previously reported
verified by examination of our martensitic structures. Since there is
little variation in plate width, the magnitude of difference between
coarse and fine austenite grains is reduced considerably by the quench-
ing operation,

As we have shown experimentally (Figures 24-27), ferrite grains in
tempered martensite inherit their shape from the original martensite
plates. Careful examination of Figure 25 will reveal that coarse grained

austenite produces tempered martensite in which the ferrite grains are

elongated in the direction of the original martensite plates. Also of
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interest is the location of carbides in the tempered martensite structure.
The specimen quenched from fine grained austenite has a uniform carbide
dispersion; however, the specimen quenched from coarse grained austenite
produced carbides which tend to precipitate in rows parallel to the ori-
glanl martensite plates. The size and shape of ferrite grains and the
size and distribution of carbides in tempered martensite may signifi-
cantly affect mechanical properties.

The effect of austenite grain size on impurities or secondary phases
must be considered. Since precipitates and inclusions often segregate
and tend to form in the high energy grain boundary areas, a higher con-
centration of impurities may be expected in the grain boundaries of
coarse grained austenite. Films of embrittling impurities, which have a
major detrimental effect on mechanical properties, have been shown to
exist by use of Auger Spectroscopy(66’67). Secondary phases such as
bainite which tend to precipitate in prior austenite grain boundaries

(36)

are known to decrease impact properties . This behavior in general,

is an important consideration when selecting heat treating procedures,

4.2.2. Air-Cooling

When medium plain carbon steels are air-cooled in the section size
employed in this research, the expected microstructure is pearlite and
ferrite. This structure is not refined to the same degree as the struc-
ture produced by quenching, since ferrite tends to precipitate in the
prior austenite grain boundaries and form continuous networks. These
networks, even though they may consist of ductile material, are known to

3)

be detrimental to impact properties ~°, This type of behavior was

observed in the experimental results where steel cooled from fine grained
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austenite was superior both in upper shelf energy and transition temper-
ature (Tables 15 and 16). Ferrite networks do not account for results
which show that inherently fine grain steel has a lower transition temp-
erature even when coarsened to the same degree as inherently coarse grain
steel. The improved impact properties must be explained with respect to
aluminum and oxygen which are the only major variables in composition,

and to the degree in which aluminum is combined as aluminum nitride.

4.3. Effect of Grain Size on Impact Properties

As previously discussed, steel cooled from fine grained austenite
may have an upper shelf impact energy as much as 4007% greater than that
cooled from coarse austenite grains. These large differences were
reported by previous investigators(s’lo’ll). Higher impact energy values
are always obtained from specimens which have a higher percentage of
shear or plastic deformation associated with the fracture., When contin-
uous networks are present, they are usually the controlling factor. In
other cases where plastic deformation precedes fracture, the ease of dis-
location movement is important since this movement is necessary for
plastic deformation to occur. Since we are dealing with two distinct
grain size effects (the effect of actual grain size and the effect of
inherent grain size), the two areas will be considered separately. In
the next two sections, we consider the ease of dislocation movement and

the degree to which a soft and ductile continuous network may initiate

dislocation pile-ups.

4.3.1, Effect of Actual Austenite Grain Size on Impact Properties

Even though the quenching operation is a grain refining process, it

was previously reported that steel quenched from fine grained austenite
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has up to 400% greater room temperature impact energy than the same steel

(10’11). These results have been

quenched from coarse grained austenite
reported for steel at a relatively high hardness level. Our results show
this effect is reduced by tempering to a lower hardness level such as is
usually employed in impact type applications. At lower hardness, quench-
ing from fine grained austenite improves the upper shelf impact energy
about 10% on the average with one extreme case of 100%Z. The harder tem-
pered martensite structure is more brittle, and the prior condition of
coarse austenite grains may concentrate impurities in grain boundaries.
Impurities are ideal points for crack initiation. Since the structure

is brittle, the cracks propagate easily once initiated. In the softer
tempered martensite structure, initiation sites may still be available,
but since the structure is more ductile, microcracks may be blunted and
arrested by plastic deformation. In this manner the effect of concen-
trated impurities in prior austenite grain boundaries may be minimized.
We have obtained experimental evidence (Figures 52, 54, and 55) that
impurities do tend to concentrate in austenite grain boundaries during
the coarsening treatment, and this is one of the contributions of our
work.

We have advanced an explanation which accounts for the decrease in
sensitivity to prior austenite grain size as the quenched steel is tem-
pered to a lower hardness level. These same ideas ma& be discussed by
examining the load-time curves produced by the Dynatup impact test
instrumentation. As the testing temperature was decreased, the impact
energy decreased rapidly in the area of the transition temperature. At

lower testing temperatures the steel exhibits similar impact properties

to steel quenched and only slightly tempered and tested at room
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temperature. These similarities exist because in both cases the structure
is inherently brittle. As we examine the load-time curves at lower temp-
eratures, there is a greater difference between specimens quenched from
fine grained austenite and coarse grained austenite. At the lowest tem-
perature tested, -196°C., the load-time curves (Figure 38) show the
greatest difference. In this condition, when the steel is extremely
brittle and well below the transition témperature, load to initiate frac-
ture is less for specimens quenched from coarse grained austenite. Post-
maximum load energy, which is the energy required to propagate fracture,
is less for specimens quenched from coarse grained austenite. Testing
relatively hard quenched and tempered specimens at room temperature is
analogous to testing softer specimens at lower temperatures. Examination
of the lower energy shelf portion of our impact transition curves pro-
duces larger differences in terms of percent. Specimens quenched from
fine grained austenite have up to 300% greater impact energy in this
case, These values more closely relate to the previously determined
results obtained from relatively hard quenched and tempered specimens.
Even though the upper and lower energy shelves are increased by
quenching from fine grained austenite, the transition temperature is not
appreciably affected. The transition temperature is extremely important
since there may be a 2000% energy increase when moving from the lower to
the upper shelf. In practice, entry into the transition range often .
results in catastrophic failures. For three heats of steel, the speci-
mens quenched from fine grained austenite had transition temperatures up
to 28°C. lower. One heat of steel had a transition temperature which
was lower by 20°C. for the specimens quenched from coarse grained aus-

tenite. The transition temperature was low for all quenched and tempered
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structures, and it appears that this temperature is a function of factors
other than austenite grain size prior to quenching.

The impact properties of air-cooled specimens showed a remarkable
dependency on the prior austenite grain size (Tables 15 and 16). The
ferrite networks which appear in the microstructure of specimens cooled
from coarse grained austenite (Figures 28-31) may be the cause of this
behavior. Elongated ferrite networks have a detrimental effect on both
the upper and lower energy shelves, and they also increase the transition
temperature. Of the steels cooled from coarse grained austenite, one
heat Youngstown #95313, had some Widmanstatten plates of ferrite within
the pearlite colonies. This is shown in Figure 29 and this structure
results in an improvement in impact properties. The Widmanstdtten plates
reduced the extent of the ferrite network since the plates in themselves

are not continuous,

4,3.2, Effect of Inherent Grain Size on Impact Properties

When comparing the impact properties of quenched and tempered inher-
ently coarse and inherently fine grain steels of the same AISI grade, the
inherently fine grain steel is usually considered to be equal to or super-
ior; however, when tempered to a lower hardness level, the superiority is
greatly decreased. In one case the improvement in upper shelf energy is
as large as 100%, but it is more usually in the order of a 10% improve-
ment for inherently fine grain steel. The degree of improvement varies
considerably depending on the heat treatment employed with the inherently
fine grain steel equal or superior in all cases.

Further comparisons may be made with respect to the transition tem-

peratures of the quenched and tempered specimens, The inherently fine
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grain steels have transition temperatures which are lower by 7-47°C, for
specimens quenched from equivalent prior austenite grain sizes. All
transition temperatures of the quenched and tempered specimens were below
normal application levels since the highest transition temperature was
-65°C.

The degree of improvement for inherently fine grain steel was less
when the specimens were air-cooled from the austenitizing temperature.
This result may be expected since, as previously discussed, ferrite pre-
cipitation appears to be a major controlling factor in determining the
impact properties of air-cooled specimens. Inherently fine grain steel
did show a 50-807 improvement in upper shelf impact energy for those
specimens cooled from coarse grained austenite. This improvement 1is con-

(1)

sistent with other observations , which indicate inherently fine grain
steel is usually superior to inherently coarse grain steel even though
coarsened to an equivalent austenite grain size prior to cooling. The
transition temperature does not appear to be affected significantly by
the inherent grain size of the steel.

Our results and the results of previous investigators indicate that
inherently fine grain steels are equal to or have superior impact pro-
perties when compared with inherently coarse grain steels. In the
quenched and tempered condition, all steels had excellent impact proper-
ties.

Inherently fine grain steels have the obvious advantage of resisting
austenite grain coarsening to a greater degree than inherently coarse
grain steels. This fact is especially significant when the cooling rate

employed is less than that required to form martensite, since diffusion

controlled transformation products tend to form continuous networks in
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prior austenite grain boundaries. The detrimental effect of coarse aus-
tenite grains has been shown to be reduced significantly by quenching to

a nearly 100%Z martensitic structure, followed by tempering to a relatively
low hardness level. This major contribution of our work shows that advan-
tage may be taken of the improved machinability, better hardenability,

and superior high temperature creep properties of coarse grained steels
with some assurance of adequate impact properties in quenched and tem-
pered structures.

There appears to be an additional effect of inherently fine grain
steel which cannot be explained entirely by prior austenite grain size.
The oxygen analysis indicates that inherently coarse grain steels have
more total oxygen and more dissolved oxygen than inherently fine grain
steels. This difference is expected even though both steels are con-
sidered fully deoxidized, since inherently coarse grain steels rely to
a greater degree on manganese and silicon for deoxidation. Aluminum
is a stronger deoxidizer than either manganese or silicon(66). Also,
more oxygen is lost as aluminum oxide when the hot cap is removed from
the ingot when producing inherently fine grain steel. Aluminum killed
steels have less manganese combined as oxides, and they have more man-
ganese available as a ferrite solid solution strengthener. Increased
oxygen content has previously been reported to be detrimental to impact
properties(g).

The other major difference in chemical composition between inher-
ently fine and inherently coarse grain steels, is the aluminum content.
Aluminum is combined as a compound, typically a nitride or oxide, or it

may be uncombined as a substitutional solid solution element. In the

case of inherently fine grain steel, substantial amounts of aluminum
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exist as oxides or nitrides. Aluminum nitride characteristically forms
as a fine dispersion and we suggest that a precipitation mechanism may
be responsible for the generally superior impact properties demonstrated
by inherently fine grain steels. During the austenitizing treatment,
aluminum nitride will precipitate preferentially at grain boundaries and
lattice defects. Precipitation at lattice defects will result in a uni-
form dispersion of aluminum nitride which is retained by the quenching
process. When specimens were air-cooled, the superiority of inherently
fine grain steel was greatly reduced. A dispersion strengthening effect
produced by a finely dispersed precipitate may account for the slight
superiority of inherently fine grain steels., The presence of a precipi-
tate may affect the yielding characteristics of the steel. This type of
strengthening is found in many alloy systems such as maraging steels

where aluminum is often added to form NiAl, Ni.,Al or AlN dispersed in

3

the structure. This generally results in improved strength without a
great loss of ductility. A similar example is the strengthening effect

of TiN precipitates in sheet steels(68).

4,4, The Charpy Impact Test

The Charpy impact test is a simple and inexpensive testing method
for comparing the impact properties of materials. In our experiments,
we compared two steels of the same AISI grade to each other, as well as
the effect of prior austenite grain size as produced by changing the
heat treating procedure. One of the shortcomings of the Charpy impact
test is the inability to relate the results to design criteria. For
this reason, much work has been done using fracture toughness determina-

tion with pre-cracked specimens and special techniques to measure crack
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width displacement. In fracture toughness studies a precracked specimen
is used to determine KIc’ which is the plain strain stress intensity fac-
tor at the onset of unstable crack growth., This type of experiment yields
information to the designer concerning the maximum flaw size permissible
in a structure.

In the last few years, much research has been done in the area of
correlating the simpler and less expensive Charpy impact test to the

(69)

fracture toughness stress intensity factor. The ASTM criterion for

minimum specimen thickness to produce valid plane strain measurements is:
K. . \2
B = 2.5 —I—d)
Jd

where B is the minimum specimen thickness; K. ., is the dynamic stress

Id
intensity factor, and Y4 is the dynamic yield strength of the material.
Since KId/yd must be 0.4 or less, the range of valid plane strain mea-
surements which can be made with the standard Charpy specimen is limited.

Recent work by Gross(33)

, indicates the ASTM criterion may be too rigid
and plane strain conditions are approached with the standard size Charpy
specimen in most cases. In these experiments, quarter-width, half-width,
full-width and double-width Charpy V-notch specimens of the same material
were tested. The transition temperature was increased 60°F. in going
from quarter-width to half-width specimens; increased 26°F. in going from
half-width to full-width specimens; and increased only 2°F, in going from
full-width to double-width specimens. These results indicate that a stan-
dard single-width specimen is closely approaching the maximum plastic
contraint value necessary for plane strain conditions at the onset of
fracture. Holloman(7o) has reported similar results and Clausing(71) has

reported a plane strain state of stress at fracture initiation for single-

width Charpy V-notch specimens.
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Since the single-width Charpy V-notch specimen approaches the con-
ditions for plane strain at fracture initiation, it is not surprising
that correlations have been made between the fracture toughness stress
intensity factor and Charpy test results, Barsom and Rolfe(72) have
shown a good correlation between the static stress intensity factor KIc
and Charpy V-notch test results. In the region of the upper energy shelf

of the transition curve, the relationship is:

K 2 ay.

ay

where KIc is the static stress intensity factor, CVN is the Charpy V-notch
energy, and oy is the yield strength of the metal. In the region of the

transition temperature the correlation is:

<E1__<>2 = 2 (cvny3/?
E

(73)

In other work, Barsom shows a general relationship:

e )2 = 4 e
E

Where E is Young's Modulus and A is a constant which incorporates speci-
men size and notch acuity.

From the results of recent work, one can conclude that excellent
possibilities exist for future correlations of impact results with frac-
ture toughness. It appears that no general correlation can be made, but
individual correlations must be determined for each material at a parti-

cular strength level. Once the correlation is determined, the simpler
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and less expensive Charpy impact test may be substituted for routine

quality control.

4.5. Instrumented Impact Testing

The instrumented impact test yields additional information with
respect to fracture characteristics, as well as providing a double check
on the energy value obtained by measuring the pendulum follow-through.
This method of impact testing is still in the early developmental stage.
The most valuable information obtained is the load and energy required
to initiate fracture, the load and energy required to propagate fracture,
and the determination of percent brittle fracture. Since the load and
energy required to propagate fracture may be determined, it appears these
results may be successfully correlated with fracture toughness determi-

nations.

4.6. Fracture Appearance

The fracture appearance of the quenched and tempered specimens showed
remarkable differences when comparing macroscopic and microscopic fracto-
graphs. As testing temperature was decreased, the macroscopic fracture
appearance for specimens quenched from coarse grained austenite became
progressively coarser than specimens quenched from fine grained austenite.
At low testing temperatures, where brittle fracture occurred by cleavage,
the facets of the specimens quenched from coarse grained austenite were
considerably larger. This observation indicates that prior austenite
grain size influences the macroscopic fracture appearance of quenched and
tempered specimens. Specimens quenched from coarse grained austenite pro-
duce martensite which often consists of large packets of plates all orien-

tated in the same direction. These large packets of similar orientation
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still remain in the tempered martensite. Cleavage of these large packets
may result in the larger facets observed on the macroscopic scale.

On the microscopic scale, SEM fractographs do not indicate the same
differences observed on the macroscopic scale. There is essentially no
difference in SEM fractographs when comparing the fractures of specimens
quenched from coarse and fine grained austenite. On the microscopic
scale, cleavage of individual ferrite'plates is observed in the brittle
specimens, but the general boundary area of the packets is not distin-
guished.

Air-cooled specimens show a great difference in both macroscopic and
microscopic appearance when comparing specimens cooled from coarse and
fine grained austenite. There is an excellent correlation between prior
austenite grain size and grain size after transformation. The grain size
is related to cleavage facet size on both the macroscopic and microscopic

scales.

4.7. Sharp Yield Point

The sharp yield point is most often associated with annealed low
carbon steel. The classical stress-strain curve which involves the pro-
pagation of Liiders Bands during yielding, is shown in Figure 57. This
type of yielding is a major problem in low carbon steel stampings such
as automobile fenders and panels where surface finish is critical. When
the steel is formed, it may show a sharp yield point behavior and propa-
gate Liiders Bands to the surface of the stamping.

Although sharp yield point behavior is primarily associated with low
carbon steel, it has been observed in high carbon steels, other body-

centered-cubic metals, as well as some face-centered-cubic and hexagonal
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Fig. 57. Classical yield point behavior in annealed low carbon steel.
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close-packed metals(42’43). Exact specimen alignment and increased strain

rates increase the tendency to observe sharp yield point behavior(43).
Specimen misalignment and variations within the structure increase the
possibility that localized regions in the cross-section will pass through
the upper and lower yield points before other regions reach the stress
level of the upper yield point.

Most theories of sharp yield point behavior incorporate Cottrell's(43)
idea of solute atoms diffusing to dislocations in order to lower the
strain energy of the crystal. Solute atoms pin the dislocations and form
an "atmosphere' from which the dislocations must be torn away before
plastic deformation is possible. The upper yield point is the stress at
which dislocations are torn from their atmospheres and may move at a

lower stress level which is the lower yield point. This movement releases
an avalanche of dislocations into the slip planes, thereby propagating

(74) have questioned the

the observed Liiders Bands. Other investigators
Cottrell mechanism and suggest that the generation and multiplication of
new dislocations can explain sharp yield point behavior. Present

(42)encompass both the Cottrell "atmosphere' and the role of new

theories
dislocation multiplication and velocity into an explanation of yield
point behavior. Also a strong consideration is the release of disloca-
tion pile-ups at grain or subgrain boundaries to propagate Liiders Bands.
The magnitude of each of these effects depends on the strength of dis-
location locking and many factors such as impurity content which are
inherent to each material.

In steels, the most prominent source of pinning solute atoms are

carbon and nitrogen which occupy interstitial sites in the lattice.

Large substitutional atoms such as aluminum may also have an effect on
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dislocation movement since they distort the lattice; however, they are
not considered to be as important as interstitials since they are not
mobile enough to diffuse to and pin dislocations. Aluminum is substitu-
tional in iron and has an atomic diameter approximately 147% larger than
the iron atom,

It has been shown that nearly complete removal of carbon and nitro-
gen from steel will eliminate sharp yield point behavior(az). Additions
of as little as 0.001% of carbon or nitrogen will restore sharp yield-
ing(42’43). In higher carbon steels, a sharp yield point is not usually
observed since carbides may effectively block the free moving disloca-
tions or dislocations torn from their atmospheres. In commercial
practices, Liiders Bands may be eliminated by subjecting the steel to a
light skin pass or flex roll which stresses the surface beyond the upper
and lower yield points. Sharp yield point behavior will return in a few
days when interstitials pin the fresh dislocations created during the
skin pass. Steels are often stabilized with small additions of elements
such as titanium, vanadium, or calcium which combine with interstitials
making them ineffective for pinning dislocations. Other methods, such as
rapid heating and quenching treatments in the 800-900°F. range developed
by Koistinen(76)

In this process, rapid heating and holding for short times of typically

6-8 seconds unpins dislocations or dissolves dislocations by the thermal
a7

stresses involved, which may account for yield point removal . Removal

of the sharp yield point is only temporary and will return in a few days,
presumably by pinning of dislocations by nitrogen diffusion at room temp-

erature.

, have been utilized to remove sharp yield point behavior.

t
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In our experimental results, we observed a sharp yield point behav-
ior for quenched and tempered specimens when they were austenitized for
short times at low temperatures., At the low austenitizing temperature
of 1500°F., aluminum nitride will precipitate; however, since the holding
time was only five minutes, this precipitation may have been minimal.
Sufficient nitrogen may have been left in solid solution to pin disloca-
tions and promote sharp yield point behavior. None of the quenched and
tempered specimens austenitized at high temperatures showed a sharp yield
point behavior. At high austenitizing temperatures of 1900°F. and 2100°F.,
aluminum nitride dissociates and dissolves in the austenite. When the
specimens are cooled to the 1600°F. quenching temperature and held one
hour to stabilize, aluminum nitrides may reprecipitate and remove nitro-
gen from solid solution. It has been argued that reprecipitation of
aluminum nitrides would reduce the tendency for sharp yield point behav-
ior of one heat of steel (Youngstown #66797) which does not contain
aluminum; however, when the yield point was observed it was extremely
small and barely noticeable. Since we would expect this heat of steel
to have the most nitrogen in solid solution and available to pin dislo-
cations, this indicates a mechanism other than the Cottrell atmosphere
would seem to be the major influence.

When sharp yield point behavior was observed, the degree of yielding
was related to the aluminum content of the steel. Elongated yield behav-
ior was observed over a longer range of strain for steel containing the
most aluminum. Only a slight yield point was observed when testing the
heat of steel which did not contain aluminum., To account for this
behavior, we suggest that many dislocations may be broken from their

atmospheres at stresses lower than the upper yield point. This behavior
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appears likely since fresh dislocations and Liiders Bands have been
observed immediately after the specimen reaches the upper yield(74).

Steel containing a higher concentration of aluminum has a more dense dis-
persion of aluminum nitrides present, and these precipitates interfere
with dislocation motion. Aluminum nitrides may promote an extended lower
yield point since higher stress is necessary for dislocation motion, and
the propagation of Lilders Bands is inhibited. It has been reported that
aluminum killed steels contain fewer subgrain boundaries than steel killed
by other methods(ls). Fewer boundaries may result in larger dislocation
pile-ups, which when released have a greater tendency to propagate into
Liders Bands.

The yield point behavior we observed appears to defy complete expla-
nation when applying the generally accepted theory. We suggest that
precipitation of a fine dispersion of aluminum nitride on lattice defects
during the austenitizing treatment may result in a higher stress level
for dislocation motion necessary to propagate Liiders Bands. This pro-
posed mechanism is supported by our observations in which the steels
with higher aluminum contents showed a more prolonged sharp yield point
behavior. Attention is primarily focused on the detrimental effects of
LUiders Bands when considering surface finish. We suggest there may be a
beneficial stress relieving effect created when a sudden avalanche of
dislocations propagates along the slip planes. This stress relieving

may be reflected in the improvement of other mechanical properties at

the expense of surface finish.

4.8. General Remarks

We have supplied additional experimental evidence that the effect

of prior austenite grain size on impact properties is influenced by the
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microstructure produced by heat treating methods employed. For quenched
and tempered structures consisting of tempered martensite at relatively
low hardness levels, prior austenite grain size has little effect on
impact properties. When slower cooling rates, which allow time for dif-
fusion controlled transformation products to form in austenite grain
boundaries are employed, coarse grained austenite is extremely detrimen-
tal. Our results are contrary to those reported by many of the early
investigators, who found large differences when comparing impact proper-
ties of specimens quenched from fine and coarse grained austenite. An
energy transition curve must be determined to obtain a true picture of
impact properties. Many of the discrepancies between our results and
those of earlier investigators may be explained when considering the
energy transition curve. Since most of the testing was performed at
room temperature, one set of specimens may have been below the transi-
tion temperature, thereby creating the large differences.

Inherently fine grain steels, in general, show a slight superiority
in impact properties which cannot be explained on the basis of prior
austenite grain size. This improvement may result from the precipita-
tion of aluminum nitride on lattice defects prior to quenching. Improve-
ment may also be gained by an increase in ferrite strengthening by
manganese, Since aluminum is present, less manganese is combined as
oxides and more is available for solid solution strengthening.

Strengthening effects from aluminum nitride precipitation are sug-
gested by observations during tensile testing. Since sharp yield point
behavior is increased with increasing aluminum content, it appears that
a precipitation mechanism may be important in both matrix strengthening

and the dislocation movement necessary to propagate Liiders Bands.
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Explanations of the Koistinen process to remove sharp yield point behav-
ior which are based on the Cottrell mechanism cannot account for the
necessity to rapidly quench the steel from the 800-900°F. treatment. It
appears that rapid quenching is necessary to produce fresh dislocations
due to the thermal stresses produced. Dislocation atmosphere locking
does not account for observations in our tensile testing, since the steel
with the largest amount of uncombined nitrogen available in solid solu-
tion showed the least degree of sharp yielding.

In his 1948 Campbell Memorial Lecture, Morris Cohen(78)

described
the effect of prior austenitizing treatment on the percent retained aus-
tenite observed after quenching. Austenitizing at 1580°F. and quenching
produced 397 retained austenite. Austenitizing at 1900°F. and quenching
produced 70% retained austenite. Austenitizing at 1900°F. and cooling

to 1580°F. prior to quenching produced the same 707% retained austenite.
However, when the specimen was austenitized at 1900°F., cooled to 1580°F.
and held four hours prior to quenching, the retained austenite was less
than 39%. This result could not be explained on the basis of heat treat-
ing techniques, carbide solution, austenite grain size, or concentration
gradients. In his discussion, the author attributed this effect to a
change in the martensite nucleation mechanism, suggesting that high
temperature treatment removed nucleation centers. We suggest that these
results are added evidence that precipitation of aluminum nitride on
lattice defects may occur at lower austenitizing temperatures. At the
austenitizing temperature of 1900°F., aluminum nitride dissociates and
dissolves; however, when cooled to 1580°F., nitrides may reprecipitate

and aid in martensite nucleation. If coarse grained steels contain more

retained austenite in the as-quenched condition, this constituent will
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be transformed to bainite during tempering. A mixture of bainite and
tempered martensite is known to have inferior impact properties when
compared to a structure of tempered martensite.

The results reported by Cohen are difficult to explain and this
was affirmed in his discussion. Since these results show the phenomenon
is reversible and time dependent, explanations based on solution and
precipitation are supported.

Any experiments which involve tempering in the 800-1100°F. range
require that the possible influence of temper embrittlement be considered.
Temper embrittlement in plain carbon steels is highly controversial and

(80) indicates it

only rarely reported., If it does occur, the literature
cannot be suppressed by rapid quenching and, therefore, it is essentially
unavoidable. Temper embrittlement, which is generally considered to

involve an embrittling precipitate, could account for some of the differ-

ences in experimental results which in the past have been attributed to

effects of prior austenite grain size.



CONCLUSIONS

In these experiments, two heats of AISI 1040 and two heats of AISI
1046 steel were tested. One heat of eécﬁ AISI grade was inherently fine
grain and the other was inherently coarse grain. These steels were sub-
Jected to several austenitizing treatments which varied the prior
austenite grain size from ASTM No. 0 to ASTM No. 10. After austenitizing,
one group of specimens was quenched and tempered to a hardness of 26-28
Rc’ and another group of specimens was air-cooled. The impact energy
transition curve was determined for all groups of specimens using half-
width Charpy V-notch specimens and an instrumented impact tester. Tensile
tests were also performed on quenched and tempered specimens using an
Instron Model Testing Machine.

Based on the analysis of impact test results for quenched and tem—-
pered specimens, the following conclusions were drawn:

1. All quenched and tempered structures produced excellent impact

properties with the highest energy transition temperature

being -65°C.

2. Actual austenite grain size does not significantly affect the

transition temperature.

3. Inherently fine grain steel has a slightly lower transition
temperature (7-47°C.) compared with inherently coarse grain
steel when quenched from an equivalent prior austenite grain

size,
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4. Actual fine austenite grain size increases the upper shelf
impact energy by approximately 10%, but up to 100% in one

case, when compared with coarse austenite grain size.

5. Inherently fine grain steel has upper shelf impact energy
equal to, or in one case up to 1007 greater than, inherently
coarse grain steel, when quenched from an equivalent prior

austenite grain size.

The differences in impact properties reported for quenched and tem-
pered martensitic structures can be tolerated in most applications. The
real danger is an elevated transition temperature since impact energy
may be reduced to 1/20th of the original value after passing through the
transition.

Based on the analysis of impact test results for air-cooled speci-
mens which produced structures other than tempered martensite, the
following conclusions were drawn:

1. Actual fine austenite grain size decreased the transition

temperature 10-65°C. compared with actual coarse austenite

grain size.

2. Inherent austenite grain size does not significantly affect

the transition temperature.

3. Actual fine austenite grain size increases room temperature
impact energy 100-4007% compared with actual coarse austenite

grain size.

4. 1Inherently fine grain steel has upper shelf impact energy
equal to, or up to 1007 greater in one case, than inherently
coarse grain steel, when cooled from an equivalent prior

austenite grain size.
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The grain size dependency on impact properties is much greater for
structures produced by air-cooling compared with the tempered martensite
structures. Since inherently fine grain steels resist coarsening to a
greater degree, it may be advantageous to use these steels when struc-
tures other than tempered martensite are produced; however, accurate
temperature control may be utilized when austenitizing inherently coarse
grain steels to minimize the degree of coarsening.

Based on the analysis of tensile test results for quenched and tem-
pered specimens, the following conclusions were drawn:

1. The ultimate strength, yield strength, or percent elongation

were not significantly affected by either actual or inherent

austenite grain size.

2., Percent reduction in area was not influenced by inherent
austenite grain size, but was equal to, or increased up to
100% in one case, by quenching from actual fine grained

austenite.

3. Sharp yield point behavior was observed only in specimens
quenched from fine grained austenite. Specimens quenched
from coarse grained austenite produced a smooth curve in

the yield area.

4. The degree of sharp yield point behavior was influenced by
the aluminum content of the steel. The steel with the
highest aluminum content produced elongated yielding over

the longest range of strain.

The percent reduction in area results correlate with impact test

results in general, since the specimens which showed the greatest loss
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of reduction in area, produced an equivalent loss in room temperature
impact energy. To the best of our knowledge, evidence demonstrating the
effect of prior austenite grain size and aluminum content on sharp yield
point behavior has not been reported in the literature.

Based on the analysis of fracture appearance and grain size studies,

the following conclusions were drawn:

1. The actual austenite grain size is related to macroscopic
fracture appearance for both quenched and tempered, and
air-cooled specimens. This relationship is more pronounced
for air-cooled specimens, where the facet size of brittle
fractures increases with increasing prior austenite grain

size.

2. The influence of actual austenite grain size is not observed
in the SEM microscopic fracture appearance for quenched and
tempered specimens, but is observed for air-cooled specimens,
where the cleavage facet size increases with increasing actual

austenite grain size.

3. Ferrite grain shape in tempered martensite reflects the shape
of the original martensite plates, even after tempering at
1300°F. for 24 hours. Carbide distribution is also affected,
and carbides tend to precipitate in rows which are parallel

to the original martensite plates.

Since actual austenite grain size influences macroscopic fracture
appearance, it influences the impact properties of the steel even though
the austenite phase 18 no longer present at testing temperatures. The

degree of this influence is reduced considerably by quenching and
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tempering to produce a tempered martensitic structure. Ferrite grain
shape and carbide distribution in tempered martensite are generally
related to actual austenite grain size. When quenched, coarse austenite
grains produce longer martensite plates. This process results in more
elongated ferrite grains and rows of carbides parallel to the original
martensite plates in the tempered martensite structure.

In many cases, inherently fine grain steels have improved impact
properties compared with inherently coarse grain steels. This improve-
ment cannot be explained entirely on the basis of the effects of actual
austenite grain size. We suggest this improvement may result in part
from precipitation of aluminum nitride on lattice defects during the
austenitizing treatment. Observations of sharp yield point behavior
during tensile testing cannot be adequately explained by any of the
generally accepted theories. We suggest that in the presence of alumi-
num nitride a higher threshold stress level is required for dislocation
motion necessary to propagate Liiders Bands, In this manner, sharp yield
point behavior may be prolonged. In usual observations, attention is
focused only on the detrimental effect to surface quality produced by
Liiders Bands. The release of sudden avalanches of dislocations may have
an important stress relieving effect, and result in improvement of other
mechanical properties.

Earlier investigators have reported that coarse actual austenite
grain size is detrimental to impact properties for all heat treatments.
We have demonstrated that this effect is greatly reduced by quenching
and tempering to produce a tempered martensitic structure at a relatively
low hardness level., Low hardness tempered martensitic structures, pro-

duced from actual coarse grained austenite or inherently coarse grain
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steels have excellent impact properties and may be successfully used in

most applications.
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