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ABSTRACT:

In contrast to many investigations which stress the 
deleterious embrittlement problems that phosphorus induces in 
steels, this investigation examines the beneficial effects 
that phosphorus and carbon exert on the hardenability of 41XX 
steels. The effects of phosphorus and carbon on 
hardenability were examined by Jominy end-quench testing of 
413 0, 4140 and 4150 steels nominally containing 0.002 or 0.02 
wt pet P. Marked improvements in hardenability were observed 
in the 4140 and 4150 steels containing 0.02 wt pet P? the 
4150 steel exhibited the greatest improvement in 
hardenability with an increase in of about 35 pet when P
was increased from 0.002 to 0.002 wt pet.

Quantitative metallographic analysis of isothermally 
transformed specimens experiments have shown that phosphorus 
retards the upper bainite reaction and hence causes the 
significant enhancement of hardenability in the 4140 and 4150 
steels, where hardenability is controlled by the bainite 
reaction. Phosphorus segregation to grain boundaries in the 
austenite is considered to retard the upper bainite 
transformation by suppressing grain boundary nucléation of 
the ferritic component of upper bainite.

Auger electron spectroscopy of 4150 steels confirmed the
enrichment of carbon, in the form of cementite, and
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segregated phosphorus on intergranular surfaces in 0.019 wt 
pet P specimens. Cementite was also present on intergranular 
surfaces that did not contain segregated phosphorus in 0.002 
wt pet P specimens. The phosphorus-induced increase in D j 
with increasing carbon content in the 4140 and 4150 steels is 
attributed to the cosegregation of carbon and phosphorus to 
grain boundaries in the austenite, apparently the same 
phenomena that renders medium carbon steels susceptible to 
tempered martensite embrittlement.
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I. INTRODUCTION:

As the compositions of steel become more diverse and 
more stringent specifications of properties are required, it 
becomes imperative to fully characterize the effects of 
impurities and alloying elements in steel. The behavior of 
phosphorus, a major residual impurity element in 
medium-carbon hardenable steels, has received much attention 
because of its association with the phenomena of 
intergranular modes of fracture in tempered martensite 
embrittlement (THE) (1,2) and temper embrittlement (TE)
(3,4). Common to both embrittlement mechanisms are the 
segregation of impurities to austenitic grain boundaries (5), 
and the formation of grain boundary cementite which raise the 
impact transition temperature, thus limiting the utilization 
of these steels in impact-loading applications.

The high strength, abrasion resistance and good 
toughness desired in hardenable hypoeutectoid steels also 
depends on the retardation of the proeutectoid ferrite, 
pearlite and/or bainite transformations. Combinations of 
alloying elements such as chromium and molybdenum have been 
effective in suppressing the proeutectoid ferrite and 
pearlite transformations, thereby permitting heavy sections 
of steel to be quenched to form martensite.

Thus, understanding the formation of both cementite and
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ferrite in hardenable medium-carbon steels is of major 
industrial importance because of the role of cementite in TME 
and TE, and the suppression of the proeutectoid ferrite and 
pearlite reactions to improve hardenability.

A. Hardenability and Proeutectoid Ferrite and Pearlite 
Reactions :

Fig. 1 shows the isothermal time-temperature- 
transformation (IT) diagram of 4150 steel (6). The bay is 
characteristic of most hardenable alloy steels, and is due to 
the development of well defined "C" curves for ferrite and 
bainite in steels such as the 41XX series which contain 
alloying additions of chromium and molybdenum. In plain 
carbon steels, the ferrite and bainite reactions blend 
together to form a single "C" curve.

A theory of hardenability must encompass the chemical 
factors which affect the driving force, AGa-y, for the 
austenite ->proeutectoid ferrite transformation and the 
diffusion limited mobility of the austenite:ferrite 
interface. Manganese lowers the equilibrium Ae^ and 
stabilizes the austenite to lower transformation 
temperatures. This would decrease AGa-y at a given 
transformation temperature, and inhibit ferrite formation.
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Manganese has also been found to partition from the ferrite 
and into the austenite below a characteristic critical 
temperature, thus slowing the migration of the 
austenite:ferrite interface (7). In steels containing 
chromium and molybdenum, partitioning between the ferrite and 
the austenite has not been observed (7). An alternate 
hypothesis views chromium and molybdenum as being highly 
attracted to carbon atoms in solution. The migration of 
these substitutional solutes into the carbon enriched 
austenite ahead of the advancing austenite:ferrite interface 
may restrict the growth of ferrite and hence increase 
hardenability. Although it was previously thought that 
molybdenum exerts its effect on hardenability by reducing the 
rate of ferrite nucléation (8,9), Kinsman and Aaronson (7) 
have presented evidence that the bay in the IT diagrams of 
these steels results from a minimum in the growth kinetics of 
proeutectoid ferrite at temperatures just below the bainite 
start temperature. Since molybdenum is a potent carbide 
former, it exerts a strong solute drag effect on the growth 
of proeutectoid ferrite by binding to the carbon enriched 
austenite:ferrite interface. The minimum in the growth 
kinetics of proeutectoid ferrite is observed when alloying 
elements are present which decrease the activity of carbon in 
austenite.

The pearlitic transformation is also retarded by the
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diffusion of chromium and molybdenum from the austenite into 
the cementite lamellae. Puls and Kirkaldy (10) believe on 
thermodynamic grounds that chromium and molybdenum partition 
to the cementite during the pearlite reaction and thus 
decrease the growth rate of pearlite by the low mobility of 
these elements across the cementite :austenite interface. In 
atom probe studies of alloy element partitioning during the 
pearlite reaction, Williams et al (11) have presented 
evidence that chromium redistributes to the cementite rapidly 
during the reaction process.

B. Transformation Kinetics and Morphology of Ferrite and 
Bainite:

In order to empirically discuss the effects of both 
alloying and impurity elements on hardenability, it is 
essential to understand the concepts and equations that are 
used to describe the morphology and kinetics of the 
proeutectoid ferrite and bainite reactions.

The first morphological classification of ferrite 
crystals was made by Dube (12). Grain boundary 
allotriomorphs are crystals which nucleate and grow along 
grain boundaries. In hypoeutectoid steels, ferrite 
allotriomorphs nucleate on austenite grain boundaries in the 
high temperature region of ferrite stability (13), and grow
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at rates controlled by the boundary curvature and the 
diffusivity of carbon in austenite (13) . At lower 
temperatures the ferrite morphology becomes acicular and is 
described as Widmanstatten ferrite (12). Lange and Aaronson 
(14) have shown that the nucléation of proeutectoid ferrite 
must require extremely low energy austenite: ferrite 
boundaries in order to achieve measureable nucléation rates 
at the small undercoolings required for the formation of 
ferrite allotriomorphs.

The Johnson-Mehl equation (15) has been used to analyze 
isothermal reaction curves of diffusional phase 
transformations in terms of nucléation and growth rates. The
reaction equation derived for pearlite is:

-m/3 N G^t^ f (t) = 1 - e v (1)
in which f(t) is the fraction of phase transformedf Nv is the
rate of nucléation expressed in number of nuclei per unit
time per unit of volume, G is the rate of radial growth
expressed in units of length per time, and t is the time
expressed in the same units as Nv and G. Since the reaction
equation was originally derived for the case of the pearlitic
transformation in eutectoid steels, the exponential
coefficient m/3 was used, which assumes the spherical growth
of pearlite colonies.

A more general form of Eq. 1 may also be utilized to 
analyze other diffusional phase transformations. The
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equation first derived by Avrami (16) is:
f ( t) = 1 - e k*1 (2)

in which b is a constant dependent upon the geometry of the 
phase transformed and the temperature dependent nucléation 
and growth rates. The time dependence of the reaction 
kinetics, n, may also vary according to changes in the 
nucléation rate and geometry of the growth product.
Christian (17) has summarized the results of a number of 
studies which give values of n for different situations. In 
diffusional growth processesf where the particles are growing 
from small dimensions, n varies from 2.5 to 1.5 as the 
nucléation rate decreases from a constant value to zero. 
Values of n > 2.5 suggest an increasing nucléation rate.

Hickley and Woodhead (18) have used the Avrami equation 
(Eq. 2) and the assumption that n equals 2 to describe the 
proeutectoid ferrite reaction in plain carbon steels. Their 
ingenious analysis attempts to separate the effects of 
nucléation and growth during the formation of ferrite. The 
analysis requires only the measurements of the fraction of 
austenite transformed to ferrite as a function of isothermal 
reaction time, and the number of ferrite particles present at 
the conclusion of the transformation.

The nucléation of bainite in hypoeutectoid steels is 
inherently dependent on the ferrite transformation because 
bainite in hypoeutectoid steels is nucleated by the formation
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of independent ferrite units (19), frequently at austenite 
grain boundaries (20,21) . Mehl1s classic work on bainite
(22) distinguished two morphological arrangements of ferrite 
and carbides which he termed upper and lower bainite. The 
formation of either of these morphologies depends upon the 
transformation temperature, carbon content and alloying 
elements of the steel (23). The higher temperature upper 
bainite transformation, frequently grows by the rapid
"side-by-side" (23) nucléation of parallel ferrite laths 
(21,23). Eventually the austenite in between the laths 
becomes highly enriched in carbon and either transforms to 
interlath cementite or is retained. Initially in the lower 
bainite transformation, a bainitic ferrite plate forms. 
However, at the lower temperatures where lower bainite forms, 
the diffusion of carbon is insufficient to relieve the 
supersa turati on by rejection from the ferrite plates, and 
intralath cementite precipitates within the ferrite at an 
angle of 60° from the major growth direction of the plates
(23). Therefore, the rate of carbon diffusion into the 
austenite determines which morphological variant of bainite 
will occur.

C. Hardenability and Surface Active Solutes :

Perhaps the most dramatic variations in the kinetics of
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the proeutectoid ferrite and bainite reactions are produced 
by the intergranular segregation of surface active solutes. 
This viewpoint is based on the observation that boron and 
phosphorus are surface active elements and are also efficient 
promotors of hardenability, achieving their maximum effects 
at very low bulk concentrations (24,25). Boron in particular 
is recognized as a very efficient hardenability promotor in 
low carbon steels. Its effects are, in part, a result of 
high surface activity and a high diffusivity which favor its 
segregation to austenite grain boundaries during cooling from 
the austenitizing temperature (26). Boron increases 
hardenability by decreasing the nucléation rates of ferrite 
and bainite (26,27). The boron-induced retardation of the 
proeutectoid ferrite reaction has been linked to M 23 (B,C)^ 
bor oca rbide precipitation on the intergranular fracture 
facets of boron containing steels (28). The presence of this 
constituent is assumed to increase the incubation time for 
the formation of ferrite, and lowers the nucléation rate of 
ferrite by adding an interface between the precipitates and 
the austenite that is of substantially reduced energy than 
that of the grain boundary. Although the intergranular 

precipitation of M 23^BfC^6 °ffers a way of inhibiting ferrite
nucléation, too abundant a precipitation of this phase has
been found to decrease the hardenability (28).

Phosphorus also has a high surface activity and
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diffusivity relative to other alloying elements at a constant 
temperature, and like boron, segregates to austenite grain 
boundaries. The grain boundary segregation of phosphorus 
during the austenitizing of low and medium carbon steels has 
been well documented with Auger electron spectroscopy (AES) 
of intergranular fracture surfaces of steels exhibiting TME 
and TE (29-32).

The effect of phosphorus on hardenability was first 
evaluated by Grossmann (33) long before a mechanistic 
understanding of segregation phenomena existed. He found 
that hardenability increases linearly with increasing 
phosphorus content in a series of 0.6 wt pet carbon steels 
containing 0.02 to 0.104 wt pet phosphorus. In the only 
major study of phosphorus since the early work of Grossmann, 
Grange (25) also found that small amounts of phosphorus, up 
to 0.1 wt pet, significantly increase hardenability in a 
Fe-Mn-0.2C alloy. The previous hardenability results of 
Grossmann and Grange are graphically represented in Figs. 2 
and 3 respectively.

McMahon suggests (34), on the basis of Grange's data, 
that phosphorus is second only to boron in promoting 
hardenability in steel. He uses Guttmann's regular solution 
theory (35) , which provides a thermodynamic framework for 
considering equilibrium impurity element segregation in 
multicomponent alloys, to ascribe increases in hardenability
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to the grain boundary segregation of phosphorus in the 
austenite of alloy steels. McMahon proposes that the 
phosphorus segregation interferes with the proeutectoid 
ferrite reaction by changing the austenite grain boundary 
structures that serve as nucléation sites.

Ogura et al (3 0) have found that phosphorus is 
heterogeneously distributed on prior austenite grain 
boundaries in Ni-Cr steels according to the degree of grain 
boundary coherency, such that more coherent grain boundaries 
contained lower amounts of phosphorus segregation. This 
conclusion was supported by the observation that the majority 
of incoherent twin boundaries in their study were found to 
contain phosphorus, while coherent twin boundaries exhibited 
no apparent segregation.

The extent to which alloying elements affect the 
kinetics of the reactions affecting hardenability may be 
related to their behavior with respect to surface active 
solutes such as phosphorus and carbon. McMahon (34) has used 
Guttmann's regular solution model for ternary alloys to 
categorize the interactions between various alloying elements 
and the surface active species, phosphorus and carbon. He 
shows that Mn, Cr and Mo tend to cosegregate with phosphorus 
in iron. Therefore, it is possible that phosphorus enhances 
the grain boundary segregation of Cr and Mo, and thus may 
provide synergistic increases in hardenability. Carbon also
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tends to cosegregate with Cr and Mo in steels. The 
interactions between carbon and phosphorus have not yet been 
rationalized with the Guttmann approach.

D. Statement of Objectives:

The first goal of this investigation was to examine the 
combined effects of phosphorus and carbon on the 
hardenability of 413 0, 4140 and 4150 steels. In view of the 
fact that the hardenability is directly related to the 
ferrite and bainite transformations, the effect of carbon and 
phosphorus on those transformations was also studied in the 
4150 series. Another theme of this investigation was to 
examine the mechanism by which the segregation of phosphorus 
and carbon to austenitic grain boundaries affects the grain 
boundary nucleated ferrite and bainite transformations that 
ultimately control hardenability.
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II. EXPERIMENTAL PROCEDURE:

The compositions of the 4130, 4140 and 4150 type steels
examined are shown in Table 1. The manganese content was
kept constant within the limits for 4130, and thus the Mn
content of the 4140 and 4150 steels falls below the AISI
minimum Mn levels of 0.65 pet for these grades. The heats
were vacuum induction melted, aluminum killed, cast into
114mm (4V ) diameter ingot molds, and hot forged at 1175C
(2150F) to 140mm x 3 8mm x 30mm (5h" x lh" x 1 3/16") bars and
16mm (5/8") thick plates. The bars and plates were
homogenized at 1100C for 10 hours, and normalized at 870C for

-52 hours, under a vacuum of 10 torr. After normalizing, the 
vacuum furnace chamber was flooded with argon to simulate air 
cooling to ambient temperature. Metallographic examination 
of the bars at this point revealed no decarburization.

Jominy end-quench specimens were machined according to 
ASTM specifications (3 6). The specimens were austenitized at 
850C for 30 minutes in an argon atmosphere prior to 
quenching. The specimens were end-quenched, parallel flat 
sides were ground, and hardness measurements were taken at 
intervals of 1.6mm (1/16") from the water quenched end.

The Jominy bars were cut transversely 45mm (1 3/4") from 
the water quenched end, and then into longitudinal sections 
to provide a flat surface for metallographic observations.
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The ASTM Comparative Method (37) was used to determine a 
prior austenitic grain size of ASTM 8 in the quenched Jominy 
bars. Ideal diameters were calculated from Grossmann1s 
chemical composition tables (38) for an as-quenched grain 
size of ASTM 8. Microhardness measurements were made with a 
diamond pyramid hardness indentor and a load of 500 grams.

Specimens of 4150 were machined from the homogenized and 
normalized 16mm (5/8") plate for use in isothermal treatment 
experiments. Holes were drilled through the samples to 
suspend them on wires during heat treatment. The heat 
treatments of the 4150 high and low phosphorus heats were 
done in neutral salt baths heated by Lindberg Sola Basic 
furnaces.

The isothermally transformed ferrite specimens were 
austenitized at 860C for 45 minutes and rapidly step-quenched 
to 680C in an adjacent salt bath. During the transformation, 
specimens were pulled out and rapidly quenched in agitated 
iced brine. The isothermally transformed bainitic samples 
were austenitized at 850C for 45 minutes and step-quenched to 
460C, 394C and 344C.

The heat treated specimens were then cut in half prior 
to mounting. Cold mounting techniques were applied to make 
certain that no microstructural changes were occuring during 
the mounting process. The metallographic specimens were 
ground through 60 0 grit paper and polished with 6vim and lym
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diamond paste. The final polish on 0.05pm alumina suspension 
was followed by a 2% nital etch which clearly distinguished 
the ferrite, pearlite and bainite formed during isothermal 
holding from the martensitic matrix.

The prior austenitic grains were revealed by etching in 
a solution of saturated picric acid containing sodium 
tridecylbenzene sulfonate as a wetting agent (39). The 
specific composition of the etch and etching procedure are 
given in Appendix 1. An austenitic grain size of 8 was 
determined by the ASTM Comparative Method (37) in the 
metallographic specimens. By following the prior austenitic 
grain etchant with an etch in 2% nital, the associations 
between the ferrite, pearlite and bainite transformed in the 
various isothermal heat treatments were observed.

Volume fraction analysis of ferrite, pearlite and 
bainite transformed were done according to the ASTM 
recommended practice for determining volume fraction by 
systematic point count (40). Point counting was done with 
photomicrographs taken at 60OX for the ferrite, 100X for the 
pearlite and 375X for the bainite. The selection of various 
magnifications was essential to optimize the standard grid 
spacings used in the analyses to the size and distribution of 
the various phases contained in the martensitic matrix. The 
small volume fraction of isothermally formed ferrite in one 
series of experiments made accurate volume fraction
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measurements difficult. As many as 6,000 points were counted 
to insure reliable results in low ferrite specimens.

The Schwartz-Saltykov method (41) was utilized to obtain 
size distributions of isothermally transformed ferrite 
allotriomorphs from planar measurements of particle 
diameters. The analysis applies to spherical particles and 
is generally valid in the early stages of ferrite 
allotriomorphic growth. The ferrite particles were 
classified into different size groups, Ar required for the 
analysis. The general equation for the number of particles 
of any size group per unit volume is:

<3)
where (N )  ̂is the number of ferrite particles per unit area
in an individual size group, and the coefficients, , are
measurements of the probabilities that a random plane will 
intersect spheres of the various diameters of size 
classifications. The coefficients are listed in Reference 
41.

Auger specimens 32mm long and 3.6mm in diameter of the 
4150 high and low phosphorus heats were also machined from 
the 16mm plate and circumferentially notched 19.5mm from one 
end with a 7 mil thick diamond saw blade. Wire baskets were 
used to suspend the specimens in neutral salts during 
austenitizing at 850C for 50 minutes and step-quenching to
460C. After isothermally holding at 460C for 6, 31 and 100
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seconds, these samples and those directly quenched from the 
austenite were rapidly quenched in iced brine.

Auger electron spectroscopy (AES) was performed on a
Perkin-Elmer Phi Model 595 Scanning Auger Microprobe (SAM).
Contamination of the newly fractured surface was minimized
since the vacuum conditions in the specimen chamber were

-10typically 4 x 10 torr and the analyses were performed 
immediately following the in situ fracture. Quench cracks 
were apparent in a few specimens, so care was taken to avoid 
performing the analysis on fracture surfaces in proximity to 
the crack. An accelerating voltage of 5Kev was chosen to 
optimize the elemental sensitivity factors and achieve a high 
specimen current. The relative Auger sensitivity factors at 
this accelerating potential for the free elements present in 
the spectra were as follows : Fe=0.22, €=0.13, Cr = 0 .32,
P=0 .45 ( 42). The data was recorded as number of counts, N, 
versus electron energy and stored in the computer memory. A 
software differentiation routine specific to the Phi Model 
595 SAM generated the dN/dE vs. electron energy plots 
commonly used to interprète the data. The Multiplex form of 
data acquisition was used to better distinguish the low 
intensity peaks of phosphorus and chromium in the spectra. 
Essentially, the Multiplex system increases the signal to 
noise ratio by repeated scanning of the low intensity peaks 
associated with the elements carbon, phosphorus and chromium
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in the 4150 steels.
The equation generally used to calculate atomic 

concentrations from Auger data without the use of elemental 
standards is:

where I is the peak-to-peak amplitude of element x in the
differentiated spectra, S is the elemental sensitivity of 
element x and d is the scale factor f which relates the 
amplifier sensitivity, Lx , the modulation energy, Em x and 
the primary beam current, x through the equation :

dx = L x V x V x  (5)
The summation term in the denominator of Eq. 4 is over a
selected peak from all the elements in the spectra. Since
the instrumentation characteristics of the Phi Model 595 SAM
did not include a modulation energy, the calculation in Eq. 4
which directly involves the use of the scale factor, d ,
could not be done. Therefore, an empirical equation was
developed to interpret the data in terms of the operational
parameters specific to the Phi Model 595 SAM data acquisition
system. The equation is as follows :

(4)

a

x

I • window range x r x
C

(volts/step) • (data acq. time) • S x ^ x x (6 )x I • window range a  ̂ a
(volts/step)^ • (data acq. time)^ • S
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where the window range is the range in electron volts over 
which a peak is observed, the volts/step is an incremental 
measure of increasing voltage applied to the cylindrical 
mirror analyzer used to detect the Auger electrons. By 
comparing Eqs. 4 and 6 the scale factor, dx , can be 
empirically determined with the following relationship:

(volts/step) • (data acq. time)
dx = -------------£— =--------------------   (7 )window range^
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III. RESULTS AND DISCUSSION:

A. Effect of Phosphorus on the Hardenability of 4130, 4140 
and 4150 Steels

A.1 Jominy Curves :

Comparisons between the Jominy curves of the high and 
low phosphorus heats at the three carbon levels of the 41XX
steels examined in this study are shown in Figs. 4 to 6. The
high P 4150 Jominy curve exhibits the greatest increase in 
hardenability over that of its low phosphorus counterpart.
The increment of increased hardenability due to phosphorus is 
less pronounced in the 4140 steel, and is undetectable in the
4130 steel. Thus, it is apparent that carbon content
strongly influences the effect of phosphorus on
hardenability. Despite the strong effect of P on the 
hardenability of the 4140 and 4150 steels, the Jominy curves 
for both high and low P heats fell within published 
hardenability bands (43), an observation consistent with the 
fact that the phosphorus contents were varied over a 
relatively small range. However, the above data indicates 
that in the high carbon steels, heats with alloy contents at
the low end of the specification range may yield Jominy
curves outside of the hardenability band if phosphorus is
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significantly reduced.

A.2 Ideal Diameters and Multiplying Factors:
The distances from the quenched end (J distances) where 

the hardness corresponded to 50 pet martensite at a given 
carbon content were obtained from the Jominy curves in Figs.
4 to 6, and were converted to the D values (44) which are 
plotted in Fig. 7. The ideal diameters of 4140 and 4150 
steels increase with increasing phosphorus content. The 4150 
steel exhibits the most pronounced improvement in 
hardenability with phosphorusr an increase of almost 35 pet 
when P is increased from 0.002 to 0.019 pet. Phosphorus has 
no effect on the ideal diameters of the 4130 steels, a direct 
consequence of the superimposed Jominy curves in Fig. 4.

Once ideal diameters were obtained from the Jominy 
curves, multiplying factors for phosphorus were determined by 
the Grossmann Method (33,38). The method evaluates the 
hardenability (D chemistry) of each heat of steel from its 
composition and grain size. The chemistries of the alloys, 
except for carbon and phosphorus, were essentially constant, 
so that phosphorus induced differences in the ideal diameters 
of the Jominy bars could be translated into multiplying 
factors for phosphorus. The factors were derived by 
comparing the chemistry values neglecting P, and the 
experimental D I values obtained from the Jominy curves of the
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heats containing 0.02 pet P (D^ Jominy) with the 
relationship:

Phosphorus Factor = Jominy/D^ Chemistry (8) 
Table 2 shows the values of (chemistry) and

(Jominy) determined for each heat of steel. The values for 
the low phosphorus heats, which contained essentially 
negligible phosphorus, were not used in the calculation of 
the phosphorus factors, but are listed to show the excellent 
agreement of the calculation of from chemistry and the 
experimental determination of Dj from the Jominy curves.

The phosphorus multiplying factors of Fig. 8 show that P 
increases hardenability in direct proportion to carbon 
concentration. Grossmann* s phosphorus multiplying factors 
derived for a 0.6 pet carbon steel are plotted in Fig. 9 
(3 3). In the case of the latter steel, the effects of 
phosphorus on multiplying factors and ideal diameters is much 
less than in the 41XX steels. For example, Grossmann * s 
phosphorus multiplying factor for a 0.6 wt pet carbon steel 
with a grain size of 7 containing 0.02 wt pet P is 1.05, 
while the phosphorus multiplying factor for the high P 4150 
steel that contained the same amount of phosphorus and had a 
grain size of 8 is 1.4. The differences in the phosphorus 
effect between Grossmann*s 0.6 wt pet carbon steel and the 
4150 steel are more strikingly evident in the large increases 
in the ideal diameter afforded by the presence of 0.02 wt pet
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P in the 4150 steel. The of 4150 steel is about 5.2 in. 
(132 mm), while the D for Grossmann1s steel is only 1.67 in. 
(42 mm) at equivalent phosphorus levels. The extreme 
differences in the D values generated by phosphorus indicate 
that strong interactions between phosphorus and the alloying 
elements Cr and Mo may be occurring in the 4140 and the 4150 
steels.

A.3 Microstructure of Jominy Bars:

The initial decrease in hardness from the quenched end 
of the Jominy specimens is due to the formation of bainite. 
Fig. 10 shows the microstructure of the high P 4150 Jominy 
bar at a distance of 19mm (12/16") from the quenched end. At 
the magnification shown, it appears that plates of lower 
bainite and colonies of upper bainite are present with 
martensite. Fig. 11 shows differences in the amount of 
bainite formed in the high and low P 4150 steels at an 
identical location (20mm) from the quenched end in these 
Jominy specimens. The dark-etching bainitic structure is 
developed to a much greater extent in the low phosphorus bar. 
Only the areas that appear white in Fig. 11(a) are 
martensitic; the dark and grey areas are bainitic. The 
higher martensite content of the high P 4150 steel is 
reflected by a hardness of 54, significantly higher than
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the R c 43 hardness in the low P 4150 steel at 20mm from the 
quenched end.

Fig. 12 presents evidence for the effect of phosphorus 
on the ferritic components of bainite in the form of 
morphological differences in upper bainite at the same 
location from the quenched end of the high and low phosphorus 
4150 Jominy specimens. The upper bainite produced in the low 
phosphorus steel contains coarse ferrite laths that are not 
visible in the upper bainite of the high phosphorus steel.

The above discussion shows that the hardenability of the 
41XX steels which contain Cr and Mo is limited by bainite 
formation. Thus, the effect of phosphorus on bainite 
formation in the 4140 and 4150 Jominy bars must account for 
the differences in hardenability noted between the high and 
low phosphorus specimens. Proeutectoid ferrite and pearlite 
were still not observed at J distances of 1 3/4" (45mm) from 
the water quenched end in the high and low P 4150 Jominy 
specimens. Therefore, the limitation of hardenability by 
proeutectoid ferrite and pearlite formation is not of major 
consequence in the 41XX steels as it is in plain carbon 
hypoeutectoid steels.

A.4 Macroscopic Segregation in Jominy Bars :

Quantitative microstructural characterization as a
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function of distance from the quenched end was complicated by 
the fact that interdendritic segregation persisted despite 
hot working of the ingots at 1175C (2150F) , and the 1100C 
homogenization heat treatment. Fig. 13 shows the 
consequences of the residual segregation in the high P 4150 
Jominy specimen. The dark areas correspond to the primary 
dendrite axes and secondary arms from which rejection of Cr, 
Ho and Mn to interdendritic regions resulted during 
solidification (45). Thus, the hardenability in these areas 
of low alloy content is reduced and bainite, the dark-etching 
constituent in Fig. 13, forms preferentially. The interface 
between a bainitic secondary arm and a martensitic 
interdendritic area is shown clearly in Fig. 14. It is also 
known that phosphorus segregates upon solidification (45). 
However, the uniformity of the phosphorus distribution 
developed during the homogenization treatment is expected to 
be better than that of the other alloying elements because 
phosphorus has a higher diffusion coefficient in austenite 
than either Cr, Mo or Mn (46).

A series of microhardness tests spanning several
dendritic areas in the high P Jominy bar were taken at 20mm
from the quenched end. The microhardness results converted
into the Rockwell C scale ranged from R 61.3 to R 45.3.c c
The average diamond pyramid hardness of these readings 
converted to R c 54 which compares favorably with the Rc 56
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macrohardness obtained from the Jominy curve for this steel 
at 20mm from the quenched end. The diameter of the Rockwell 
hardness indentation is approximately 1mm, and the average 
microhardness of ten indentations over this distance is 
nearly equivalent to the macrohardness. Thus, the Rockwell 
test averages out differences in the hardness of the 
dendritic and interdendritic regions, and valid Jominy curves 
result even with some residual segregation. The conclusions 
of Javorka and Maack (47) also indicate that the test 
accuracy obtained with cast Jominy bars, containing even more 
segregation, is comparable to that of wrought bars.
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B. Effect of Phosphorus on Phase Transformation Kinetics in 
4150 Steels:

B.l Effect of Phosphorus on Isothermal Reaction Kinetics of 
Bainite:

The preceeding results indicate that phosphorus 
effectively retards bainite formation provided that the 
carbon content of the steel is sufficiently high. Therefore, 
since the largest effect of phosphorus on hardenability was 
demonstrated in the 4150 steels, isothermal kinetic 
experiments of the bainite transformation were done on this 
series of steel.

Volume fractions of bainite transformed in high (0.019 
pet P) and low (0.002 pet P) phosphorus 4150 steels were 
determined by austenitizing at the same temperature as the 
Jominy samples, and step-quenching to various temperatures in 
the bainitic transformation region. The resulting 
transformation curves for isothermally formed bainite at 
460C, 394C and 344C are shown in Figs. 15 to 17. Each of the 
figures are similar in that the bainite transformation 
appears to start at about the same time for high and low P 
heats. The transformation curves then diverge with the 
amount of bainite in the high P heats falling behind the 
amount in the low P heats steels. Clearly, phosphorus
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retards bainite formation, especially in the higher 
temperature transformation range. Therefore, the effect of 
phosphorus on the bainite transformation is verified by both 
isothermal transformation experiments and continuous cooling 
experiments as in the previously described Jominy tests.

The time spread for a given percentage of bainite
transformed between the high and low P transformation curves
is largest at 46OC, which indicates that the
phosphor us-induced retardation of the bainite reaction is
most pronounced at this transformation temperature.
Independent of phosphorus content, the bainite reaction
kinetics progress more rapidly at high temperature (46OC)
than at the lower temperatures (394C and 344C). This finding
is consistent with the description of the growth rate of
lower bainite by Speich and Cohen (48), where the growth rate
of lengthening of bainite plates, i, increases with
increasing temperature according to the equation :

(-Q /RT)
1 = B exp (9)

where is the activation energy for lengthwise growth, B is
a constant, R is the gas constant and T is the absolute
temperature. The experimentally determined activation energy 
for the lengthwise growth of bainite ranged from 14,000 to 
17,000 cal/mole. These values are much lower than the 
activation energy for carbon diffusion in austenite which 
range from 28,000 to 36,000 cal/mole. The discrepancy has
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been rationalized to result from high carbon concentrations 
at the advancing bainite tip reducing the activation energy 
for the diffusion of carbon in austenite. The activation 
energy for the thickness growth of lower bainite, Q^, ranged 
from 20,000 to 23,000 cal/mole which is in agreement with the 
activation energy of 20,100 for carbon diffusion in ferrite.

As noted above, the curves for the high and low P 460C 
and 394C reactions quickly separate from each other following 
the onset of transformation. At 460C, the curves remain 
separated through long reaction times, whereas at 394C and 
344C the high and low P reaction curves approach each other 
towards the later stages of transformation.

The incubation times for high and low phosphorus samples 
transformed at a given temperature do not vary significantly. 
However, the high speed of the bainite reaction may have made 
an accurate analysis of the bainite formed at very early 
reaction times difficult since large amounts of bainite may 
have formed in the increments between the experimentally 
selected isothermal holding times in the early stages of 
bainite formation.

Fig. 18 is the bainite region of the IT diagram derived 
from the isothermal reaction curves is Figs. 15 to 17. The 
diagram illustrates the marked retarding effect that 
phosphorus has upon the bainite reaction in 4150 steel. The 
retarding effect is strongest at 460C which is the bainite
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nose temperature in both of the high and low P steels. The 
behavior of the high and low P IT curves at 90% 
transformation indicates the close approach of the high and 
low P 344C and 394C isothermal reaction curves toward the 
later stages of transformation. The largest separation 
between the high and low P isothermal reaction curves at 90% 
transformation at 46OC is also shown in the great differences 
at 90% transformation and 46OC between the high and low P 
specimens.

B.1.1 Microstructural Observations of Isothermally Formed 
Bainite:

The relationship between the isothermally transformed 
upper bainite at 46OC and the prior austenitic grain boundary 
structure is shown in Figs. 19 through 23. Appendix 1 
describes the double etching technique used to reveal the 
microstructures. The low magnification pictures in Fig. 19 
show the differences in the amounts of upper bainite 
isothermally formed in the high and low P steels upon holding 
for 55 seconds at 46OC. There is about 8.6 vol pet of 
bainite in the high P steel and 45 vol pet of bainite in the 
low P steel. Many austenite grains in the high P steel have 
not undergone any transformation. The high and low P 
specimens in Fig. 20 were held for 100 seconds at 460C, and
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contain respectively 50 vol pet and 85.5 vol pet of bainite. 
The microstructures show relatively uniform distributions of 
bainite in the austenite, but some residual effects of 
segregation were infrequently noted in other areas.

Frequently the upper bainite appeared to originate from 
the prior austenite grain boundaries in both the high and low 
P specimens. Examples of this phenomena in the high and low 
P specimens isothermally held for 55 seconds are shown in 
Fig. 21.

Fig. 22 shows that as the bainite reaction progresses, 
the first bainite laths span the width of the austenite 
grain. Thus, it appears that once a bainite colony is 
nucleated at an austenite grain boundary, its growth rapidly 
proceeds across the austenite grain. Fig. 23 of the high P 
specimen isothermally transformed for 100 seconds also shows 
the existence of completely untransformed austenite in the 
immediate proximity to grains completely transformed to 
bainite. Again, the implication of these observations is the 
importance of nucléation. Many grains have no active bainite 
nuclei, while those where nucléations has occurred are fully 
transformed. The continuing nucléation in the later stages 
of the bainite reaction, and the progression of the rapid 
growth of bainite until the austenite grain is largely 
transformed again is indicative of the importance of 
nucléation in controlling the overall rate of bainite
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reaction kinetics throughout the time range of the bainite 
reaction.
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B.2 Effect of Phosphorus on Isothermal Reaction Kinetics of 
Proeutectoid Ferrite:

Fig. 24 shows the 680C isothermal reaction curve for the 
proeutectoid ferrite reaction in the high and low phosphorus 
4150 steel. This temperature was chosen in order to increase 
the volume fraction of ferrite in the 4150 steels. An 
isothermal transformation temperature of 640C was also 
chosen, but the extremely small volume fractions of 
proeutectoid ferrite formed even toward the completion of the 
reaction limited the accuracy of quantitative metallographic 
measurements. Fig. 24 shows that the amount of ferrite 
formed at a given isothermal holding time is less in the high 
phosphorus steel. Thus, phosphorus retards both the 
proeutectoid ferrite and the bainite reactions.

Phosphorus also significantly lengthened the incubation 
times for ferrite formation. The ferrite incubation time in 
the high P specimen isothermally held at 680C was 150 
seconds, while the incubation time for the low P specimen at 
the same temperature was 102 seconds. Perhaps this effect on 
incubation time is apparent in the ferrite reaction and not 
in the bainite reaction because the ferrite reaction occurs 
at longer isothermal holding times and progresses at a slower 
rate so that it is more easily monitored.

The time dependence of the proeutectoid ferrite reaction
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kinetics, n, was obtained by rearranging Eq. 2 to the form : 
log [In(1/1-f(t))] = nlog t + log b (10) 

and taking the slope of the log [In(1/1-f(t))] versus log t 
plot. Fig. 25 is such a plot for the proeutectoid ferrite 
transformation at 680C. The high phosphorus sample had a 
slope of 2.1, and the low phosphorus sample had a slope of 
2.0. These values of n were obtained by a linear regression 
analysis of the data, and are in excellent agreement with the 
general consensus for expressing the time dependence of the 
ferrite reaction as two. The values of n are also well 
within the experimental range of 1.6 to 3.0 reported by 
Hickley and Woodhead (18) in their analysis of the 
proeutectoid ferrite reaction in hypoeutectoid plain carbon 
steels.

The rearranged Avrami equation for the ferrite reaction 
is thus expressed as:

In (1/1-f ( t ) ) = kt2 (11)
where k is a constant previously defined in Eq. 2 as b.

The following analysis of the nucléation rate of 
proeutectoid ferrite in the 4150 high and low P steels 
isothermally transformed at 680C comes from the method that
Hickley and Woodhead had devised to analyze the proeutectoid
ferrite nucléation rates in plain carbon steels (18). To
account for the exponent of 2 in Eq. 11, they assumed the
following relationship:

Nv = c //time (12
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where Nv is the rate of nucléation before impingement, c is 
the nucléation constant expressed in units of number of 
nuclei per unit volume, and t is the isothermal reaction 
time. The small volume fractions of proeutectoid ferrite 
transformed in the 4150 high and low P steels at long 
reaction times made the Hickley and Woodhead assumption of no 
impingement valid.

The nucléation constant, c, was experimentally 
determined with the equation:

Z = C7T/k*/2 (13)

The constant, k , was determined for different isothermal 
reaction times by using Eq. 11 and knowing the fraction of 
ferrite transformed as a function of time. Z, the final 
number of proeutectoid ferrite particles, was experimentally 
determined by the Schwartz-Saltykov method for analyzing 
spherical particle size distributions (41). Thus, it was 
possible to calculate the nucléation constant, c, with Eq.
13, and the nucléation rate with Eq. 12.

The nucléation rates for proeutectoid ferrite calculated 
from the preceding analysis scheme assuming n=2 are shown in 
Fig. 26 for the high and low P steels isothermally 
transformed at 680C. The nucléation rates of both high and 
low phosphorus specimens are increasing with increasing 
reaction time. However, the low phosphorus sample exhibits
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greater nucléation rates at all reaction times than does the 
high phosphorus sample.

A series of growth curves for proeutectoid ferrite 
formation in high and low P 4150 steels isothermally held at 
680C were derived from inverse cumulative distribution curves 
which are directly obtainable from the particle size 
distribution data generated by the Schwartz-Saltykov 
analysis. Figs. 27 and 28 are inverse cumulative 
distribution curves for proeutectoid ferrite formed at 680C 
in the high and low P 4150 steels respectively. The y-axis 
in these figures is the number of particles per unit volume 
in a specific particle size classification, and the x-axis is 
the value of the lowest diameter contained in the size class. 
Both high and low P inverse cumulative distribution curves 
are similar.

Growth curves are then graphically generated from the 
inverse cumulative distribution curves in Figs. 27 and 28 by 
taking the intersection of parallel lines to the diameter 
axis with the distribution curves. This gives the diameters 
of ferrite particles formed for each reaction time at a 
constant number of particles. The growth curves obtained in 
this manner are plotted in Figs. 29 and 30. for the high and 
low P steels respectively. A linear regression analysis was 
used to obtain the best fitted line through these points.
The slopes of these lines are the growth rates of
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proeutectoid ferrite at a constant particle number. The 
growth rates of proeutectoid ferrite at different constant 
particle numbers, N, are tabulated in Table 3. The similar 
growth rates in high and low phosphorus steels at a constant 
value of N r indicates that phosphorus is not retarding the 
growth of proeutectoid ferrite in transformation times 
between 3 0 0 and 500 seconds at 680C. Swinden and Woodhead
(49) have previously applied this method to analyze the 
growth kinetics of proeutectoid ferrite in Fe-C-Cr alloys.

B.3 Effect of Phosphorus on I so thermal Reaction Kinetics of 
Pearlite:

Fig. 31 shows the 680C isothermal reaction curve for the 
pearlite reaction in the high and low P 4150 steels. The 
volume fraction of pearlite transformed does not appear to be 
significantly influenced by phosphorus. The time dependence 
of the pearlite reaction in both high and low P specimens is 
greater than 4, where n=4.B for the high P 4150 steel and 
n=5.2 for the low P 4150 steel. The Johnson-Mehl equation 
gives a value of n=4 based on the assumption of constant N 
and G. Higher values of n may be explained by a nucléation 
rate that increases with time (17). This possibility is 
supported in the case of the 4150 steels by the 
microstructural association of proeutectoid ferrite and
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pearlite which will be discussed in the next section. 
Previously, the nucléation rate of ferrite has been shown to 
increase with time (Fig. 26). Thus, if the nucléation of 
pearlite is compared to the nucléation of ferrite, the high 
values of n for the pearlite reaction are reasonable.

3.4 Microstructural Observations of Isothermally Formed 
Proeutectoid Ferrite and Pearlite:

The association between prior austenite grain boundaries 
and the proeutectoid ferrite and pearlite isothermally formed 
at 480 seconds at 680C in the high and low P 4150 specimens 
is shown in the microstructures of Figs. 32 to 36. Fig. 32 
shows the low magnification micrographs of the distribution 
of pearlite in high and low P specimens. Although 
proeutectoid ferrite allotriomorphs on prior austenitic grain 
boundaries are not readily visible in these low magnification 
pictures, a few ferrite allotriomorphs which have been 
surrounded by the dark-etching pearlite colonies can be seen. 
The speckled appearance of the prior austenite grains is due 
to residual surface retention of the wetting agent used in 
the etchant that delineated the prior austenite grain 
boundaries.

Fig. 3 3 is a higher magnification view of grain boundary 
ferrite allotriomorphs and pearlite colonies in the high and
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low P specimens isothermally transformed for 480 seconds.
The pearlite colony in the lower right corner of Fig. 33(b) 
has been magnified in Fig. 34 to more clearly show two 
ferrite allotriomorphs attached to a pearlite colony. This 
association between proeutectoid ferrite and pearlite was 
frequently observed. Furthermore, boundaries without ferrite 
did not appear to nucleate pearlite. These observations are 
consistent with the nucléation of pearlite by ferrite in 
hypoeutectoid steels as reviewed and developed by Hillert
(50), and may indicate that the nucléation of pearlite is 
associated with the prior development of proeutectoid 
ferrite.

Fig. 35 shows the presence of ferrite allotr iomorphs 
within the pearlite colonies. The pearlite colonies have 
entrapped the previously transformed ferrite as expected. 
Since the growth of the ferrite allotriomorphs is effectively 
halted once the pearlite sur rounds them, it is conceivable 
that the increase in the ferrite volume fraction towards the 
later stages in the reaction is due to the nucléation of new 
proeutectoid ferrite allotr iomorphs on untransformed 
austenitic grain boundaries. Another argument for the 
continued nucléation of ferrite is the limited ferrite growth 
cannot account for the increase in the ferrite volume 
fraction in the later stages of the ferrite reaction. Thus 
the microstructural observations are consistent with the
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increasing nucléation rates shown in Fig. 26.
The growth of pearlite colonies interestingly does not 

appear to be influenced by the prior austenite grain 
structure. The colonies in Fig. 36 appear to be consuming 
the austenite as their growth progresses unimpeded by the 
presence of grain boundaries. Rathenau and Baas (51) have 
also presented evidence of pearlite colonies in eutectoid 
steels crossing austenite grain boundaries without changing 
the orientation of the ferrite and cementite lamellae.
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C. Auger Electron Spectroscopy of As-quenched and 
Isothermally Transformed Bainitic 4150 Steels

Auger Electron Spectroscopy of the high and low 
phosphorus 4150 steels experimentally verified the 
segregation of both phosphorus and carbon to intergranular 
surfaces in high phosphorus specimens as-quenched from 
austenitizing as well as step-quenched specimens isothermally 
held at 460C in the bainite transformation temperature 
region. The majority of low phosphorus specimens contained 
no segregated phosphorus on intergranular fracture facets, 
however there was one low phosphorus specimen that contained 
high concentrations of segregated phosphorus. A typical
Auger spectrum for a high P as-quenched specimen is shown in 
Fig. 37. A very small phosphorus peak, a large carbon peak, 
and a small chromium peak are indicated. The configuration 
of the three carbon peaks indicate that the carbon is present 
in the form of cementite (52). The Auger spectrum associated 
with free carbon shows only two peaks, with the smaller 
subsidiary peak less defined than the subsidiary peaks in 
cementite.

Although chromium peaks were consistently observed on 
intergranular fracture facets, no evidence for molybdenum 
segregation was found. The strong carbide formation 
tendencies of molybdenum may have resulted in its combination
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with carbon in the form of carbides. These carbides, 
possibly in the form Fe MoC remain undissolved during the 
course of the 85OC austenitizing treatment, and have been 
observed to occur randomly throughout the matrix of the 4150 
steels (53). Thus, the molybdenum was not available to 
segregate to austenitic grain boundaries, nor to combine with 
phosphor us.

Fig. 38 shows the extent of phosphorus and carbon 
segregation to intergranular fracture surfaces in the 
as-quenched high and low P specimens. The amount of 
segregation has been expressed in terms of a grain boundary 
enrichment factor (GBEF) which is the ratio of the segregated 
species over that of the bulk concentration of that species. 
The carbon GBEF in both the as-quenched high P specimens 
ranged from 4 to 11.

Auger spectra were taken from two as-quenched high P 
specimens labeled 3.1 and 3.2 in Fig. 38. The carbon 
concentration on the intergranular surfaces of the specimens 
is quite different. The intergranular surface of specimen 
3.2 contained carbon contents close to the 25 atomic percent 
expected in cementite. The intergranular surfaces of 
specimen 3.1 showed lower carbon contents, about 8 to 11 
atomic percent. The carbon peak shapes, however, were 
typical of cementite, and therefore the lower carbon content 
measured may reflect the incomplete coverage of cementite on
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the prior austenite grain boundary surfaces relative to the 
diameter of the electron beam used in the Auger analyses.

The phosphorus GBEF in the high P as-quenched specimens 
ranged from 8 to 44, a range more expansive than that for the 
carbon GBEF in these samples. The ranges of segregated 
phosphorus on the intergranular fracture facets in the high P 
as-quenched specimens and the various amounts of segregated 
carbon present on these surfaces indicate that there are 
quite heterogeneous distributions of these elements on 
austenitic grain boundaries. This finding can be correlated 
with the evidence presented by Ogura et al (3 0) that the 
degree of grain boundary coherency controls the segregation 
of carbon and phosphorus.

An interesting observation is that some of the low P 
as-quenched specimens contained segregated carbon in the 
concentration range where cementite may form even though the 
phosphorus concentration on these boundaries was zero. The 
GBEF of carbon in the low P as-quenched specimen ranged from 
5.5 to 10.5. This is similar to the range of carbon grain 
boundary enrichment factors found in the high P as-quenched 
specimen. The high carbon concentrations found in the low 
phosphorus specimen are thermodynamically expected in the 
Guttmann analysis describing segregation phenomena (35) . By 
using this analysisf McMahon (34) shows that carbon and 
phosphorus have positive free energies of segregation, and
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therefore should have high equilibrium grain boundary 
concentrations relative to their bulk concentrations. The 
analysis thus accounts for the individual segregation of 
carbon and phosphorus to grain boundaries irrespective of any 
cosegregational interaction. Presumeably the carbon 
segregation occurs during austenitiz ing, and as a result of 
its concentration at the austenitic grain boundaries 
cementite forms on cooling. Thus, carbon segregation to 
austenitic grain boundaries may occur independently of 
phosphorus segregation in the low P specimens.

The GBEF of phosphorus in the low P as-quenched specimen 
was generally zero, however one point surveyed on an 
intergranular fracture facet contained a GBEF of 483 and a 
carbon GBEF of 10.4. Therefore, it is possible that although 
the bulk phosphorus content in this specimen can be 
considered negligible, the segregation of phosphorus to grain 
boundaries does occur but on a very infrequent basis.

Chromium was also present in the Auger spectra of both 
high and low phosphorus intergranular fracture facets in the 
as-quenched condition. The chromium GBEF ranged from 0.5 to 
4.0 in the high P specimen and from 1.0 to 2.1 in the low P 
specimen. Fractional values of the GBEF indicate that these 
intergranular fracture facets contain less than the bulk 
elemental concentration in the steel.

The Guttmann analysis (35) also describes the
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interactions between chromium and both phosphorus and carbon 
to be attractive. This attractive interaction would favor 
the cosegregation of all three species to grain boundaries. 
Experimental evidence for the cosegregation of P, C and Cr 
has been presented by Ogura et al (30). Thus the chromium 
segregation in the low P as-quenched 4150 specimen may occur 
by a cosegregation mechanism solely involving carbon, while 
the chromium segregation in the high P as-quenched 4150 
specimen may involve the cosegregation of both phosphorus and 
carbon.

The transgranular fracture facets in the low phosphorus 
as-quenched specimen also contained segregated carbon, but at 
generally lower levels than the intergranular fracture facets 
in the same specimen. The carbon on transgranular fracture 
facets in the low P as-quenched sample may not be indicative 
of segregation since the transgranular fracture mode in the 
as-quenched specimens is associated with the undissolved 
molybdenum carbides (53).

Fig. 39 shows two carbon line scans across an 
intergranular/transgranular interface in the high P 
as-quenched sample. The carbon contents in both line scans 
decrease in the transgranular fracture region. The carbon 
concentration in line scan 2 exhibits a rather marked 
decrease at the transgranular/intergranular interface.

Fig. 40 is a summary of the Auger analyses of
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intergranular fracture facets in high and low phosphorus 4150 
specimens which were austenitized at 850C and isothermally 
held for 6 seconds at 460C. The high P specimen had 
phosphorus grain boundary enrichment factors which were 
generally in the range 12 to 45. Although these ranges of 
phosphorus were similar to those found in the high P 
as-quenched specimens, the carbon concentrations on three 
different intergranular fracture facets in the high P 6 
second hold specimen were generally lower than those in the 
high P as-quenched specimen, which had carbon grain boundary 
enrichment factors ranging from 3.7 to 5.1. Thus, the grain 
boundary segregation of phosphorus that occurs during 
austenitizing does not vary during holding at 460C for 6 
seconds, but the carbon segregation in the specimen examined 
did not reach the concentration associated with Fe^C, despite 
the fact that the shapes of the carbon Auger peaks correspond 
to that of Fe^C. Again, this observation may be explained by 
incomplete coverage of the intergranular surface by Fe^C.
The intergranular facets in the low P specimen held for 6 
seconds at 460C exhibited no phosphorus segregation, and the 
carbon concentrations were also generally lower than those in 
the low P as-quenched specimen. The range of carbon GBEF in 
the low P specimen held for 6 seconds was 3.3 to 6.7 which 
was similar to that found in the high P sample held for 6 
seconds.
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Segregated chromium was evident in both of the high and 
low phosphorus specimens held at 46OC for 6 seconds. The 
GBEF of chromium in the high P specimen generally ranged from
0.9 to 2.1. A similar range of 0.8 to 3.0 was observed in 
the low P counterpart to this specimen.

The as-quenched specimens in some instances have enough 
carbon to form complete layers of cementite on prior 
austenite grain boundaries. The formation of cementite would 
presumeably occur during quenching from the 85OC 
austenitizing temperature. Speich (54) has found that 90% of 
the bulk carbon concentration segregates during quenching to 
dislocations and lath boundaries in low-carbon martensite, 
and has developed a mathematical model which shows the 
diffusion of carbon to dislocations and lath boundaries 
during quenching is possible.

The consistent presence of chromium on intergranular 
fracture facets in both the high and low P specimens held at 
46OC for 6 seconds and as-quenched specimens from 85OC is of 
interest. It is known that the susceptibility of a steel to 
temper embrittlement may increase with the segregation of 
chromium to prior austenitic grain boundaries. Chromium is 
known to form complex carbides which may affect intergranular 
cohesion. Although the formation of cementite is 
energetically favorable initially because its formation does 
not require the diffusion of substitutional alloying
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elements, alloy carbides such as Cr^C^ may form at 
temperatures above 500C (55). These alloy carbides can 
either nucleate in the matrix or at the cementite:ferrite 
interface. In both cases the initially formed cementite 
quickly redissolves since it is metastable with respect to 
the alloy carbide. The precipitation of chromium carbides on 
intergranular fracture facets may be energetically favored 
since both chromium and carbon are in enriched localized 
concentrations of the grain boundaries. The grain boundary 
enrichement of carbon and chromium coupled with the fact that 
the ease of alloy carbide nucléation on tempering depends 
upon the prior existence of cementite, which has been 
experimentally observed on intergranular fracture facets in 
the high and low P as-quenched Auger specimens, may indicate 
the precipitation of chromium carbides on grain boundaries at 
46 OC.
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GENERAL DISCUSSION:

Phosphorus was found to exert a positive effect on 
hardenability by suppressing the formation of bainite in the 
4150 Jominy bars. As a result the amount of martensite 
formed at a given distance from the water-quenched end 
increased in the high phosphorus heats relative to the low 
phosphorus heats. The phosphor us-induced retardation of the 
bainite reaction was also evident in the isothermal 
transformation experiments in the 4150 steels. The effect of 
phosphorus on hardenability increases linearly with 
increasing carbon content in the 4130, 4140 and 4150 steels. 
Therefore, carbon and phosphorus function together to provide 
this effect. The hardenabilities of the low phosphorus heats 
of 4130, 4140 and 4150 steels also increased with increasing 
carbon content. This observation may indicate that the 
presence of segregated carbon on austenite grain boundaries 
can inhibit the formation of bainite in the absence of grain 
boundary segregated phosphorus.

Although the suppression of the bainite reaction is the 
primary means of attaining improvements in hardenability in 
the 41XX series of steels, studies of the isothermal 
transformation kinetics of proeutectoid ferrite in 4150 
steels also indicate that phosphorus induces the retardation 
of this transformation as well. The phosphor us-induced
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retardation of both the bainite and proeutectoid ferrite 
reactions is not surprising since bainite in hypoeutectoid 
steels initially forms by the nucléation of ferrite.

In studies of the bainite reaction, the segregated 
carbon concentrations were found to be the same in both the 
high and low phosphorus Auger specimens held at 46OC. The 
carbon peak shapes were also indicative of cementite, and 
some intergranular fracture surfaces contained atomic 
concentrations close to that of cementite. Ando and Krauss 
(52) have shown that phosphorus accelerates cementite 
formation on intergranular surfaces in 52100 steels.

However, since the eutectoid point is shifted from 0.8 wt pet 
carbon to lesser carbon contents by the additions of chromium 
and molybdenum in the 41XX series of steels, it is probable 
that cementite may form irrespective of the acceleration of 
cementite formation by phosphorus. Thus, it is logical to 
assume that the differences in the kinetics of the bainite 
reaction between the high and low phosphorus steels is not 
due to the presence of different amounts of grain boundary 
segregated carbon or different amounts of coverage of the 
austenite grain boundaries by carbides in the high and low 
phosphorus 4150 steels. It is possible that the enrichment 
of carbon on intergranular surfaces in both the high and low 
phosphorus specimens would affect the kinetics of the bainite 
reaction, since bainite forms by the nucléation of a ferrite



T-2666 50

unit which would need to reject carbon to nucleate and grow 
into the austenite matrix. However, because of the similar 
carbon enrichment in both high and low phosphorus samples, 
the carbon effect on the bainite reaction would not be 
expected to vary from the high to low phosphorus samples 
enough to generate the large differences in the isothermal 
transformation curves of the bainite reaction.

In the short times prior to the measureable onset of the 
bainite reaction, some grain boundary nuclei of the ferritic 
component exist. Therefore, although the Auger specimen held 
for 6 seconds in the bainitic transformation region did not 
contain a measureable volume fraction of bainite upon holding 
for this time, small nuclei of ferrite may have developed.
The existence of these ferrite nuclei may have reduced the 
coverage of cementite on intergranular fracture surfaces, 
hence lowering the atomic concentration of carbon on grain 
boundaries containing ferrite nuclei. This phenomena does 
not apply to specimens in the as-quenched condition, and thus 
would explain the more complete coverage of cementite on 
grain boundaries in the as-quenched high and low phosphorus 
Auger specimens. However, since both the high and low 
phosphorus 4150 Auger specimens which were held for 6 seconds 
at 46OC exhibited the same reductions in cementite coverage, 
the phosphor us-induced retardation of the bainite reaction 
cannot be attributed to cementite.



T-2666 51

Thus differences in bainite transformation kinetics 
between the high and low phosphorus 4150 specimens held at 
46 0C must result from the segregation of phosphor us, since 
intergranular surfaces in the high phosphorus specimens 
contained ranges of segregated phosphorus, while 
intergranular surfaces in the low phosphorus specimen 
contained essentially no segregated phosphorus. The 
concentration ranges of segregated phosphorus in the high P 
Auger specimens can be explained on the basis of the escape

Odepth of Auger electrons which is 10 A. The majority of 
phosphorus atoms on intergranular surfaces in a Ni-Cr steel 
have been measured by Marcus et al (56) to be localized in a

O5 A thick region on either side of the boundary. If the
ocementite layer were greater than 10 A thick, the Auger 

electrons of phosphorus could not escape through the layer of 
cementite which is present on parts of the fracture surface. 
Thus, the thickness of the cementite film would influence the 
Auger electron signal of phosphorus, with thinner films 
generating a higher phosphorus Auger signal.

The highly localized concentrations of phosphorus would 
not effect the growth kinetics of the bainite reaction, since 
if the diffusion of phosphorus was a limiting step in the 
growth rate of bainite, its effects would only be prevalent 
in close proximity to the grain boundary. It is thus evident 
that localized grain boundary concentrations of phosphorus
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would not impede the growth of bainite, as observed in the 
rapid spanning of austenite grains by bainite in both the 
high and low phosphorus specimens in the micrographs 
presented earlier.

Assuming the arguments against phosphorus affecting the 
growth rate of bainite are valid, the retarding effect of 
phosphorus on the bainite reaction is due to a decrease in 
the nucléation of bainite. Although direct nucléation rate 
measurements of the bainite reaction were not done in this 
investigation, it is possible to use the nucléation rate data 
obtained in the proeutectoid ferrite reaction to draw 
conclusions for the effect of phosphorus on the nucléation 
rates of bainite. This correlation between proeutectoid 
ferrite and bainite is only possible since the nucléation of 
bainite occurs by the formation of independent ferrite units 
on austenite grain boundaries. Hence, observations of 
nucléation in the proeutectoid ferrite reaction can be 
directly applied to the nucléation of bainite since ferrite 
is initially formed in both of these reactions. However, the 
shearing involved in the formation of ferrite laths in upper 
bainite may introduce an extra consideration before 
correlating the kinetic results of the solely diffusion 
controlled proeutectoid ferrite reaction with the upper 
bainite reaction which occurs by both shear and diffusion.

Although one may directly apply the proeutectoid ferrite
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reaction findings in this investigation to the bainite 
reaction, it should be noted that phosphorus did not induce 
measureable differences in the incubation times for bainite 
formation. Perhaps this is due to the partial coverage of 
Fe^C that may form on grain boundaries during step-quenching 
from the austenite to temperatures in the bainite 
transformation region. If phosphorus had an effect on the 
incubation times required for bainite formation, it would 
seem to be easily seen since phosphorus so drastically 
shifted the bainite isothermal transformation curves. Hence, 
the effect of phosphorus on the bainite reaction may be 
solely due to variations in the nucléation rate of the 
ferrite units that initiate the bainite reaction.

It was shown that grain boundary segregated phosphorus 
both increased the incubation time and decreased the 
nucléation rate of proeutectoid ferrite formed at 680C.
Grain boundary cementite may not form upon step-quenching 
from the austenite to the high temperature region where the 
proeutectoid ferrite transformation occurs. Thus, grain 
boundary cementite would not influence the kinetics of the 
proeutectoid ferrite reaction. The mechanism by which 
phosphorus retards the proeutectoid ferrite transformation, 
either by increasing the incubation time or decreasing the 
nucléation rate, must be intricately dependent upon the 
interactions the segregated phosphorus atom has with the
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grain boundary. A solute such as phosphorus has electronic 
p-orbitals highly capable of bonding in the free volume 
associated with a grain boundary. Ashby et al (57) have 
described the structure of grain boundaries as a packing of 
polyhedral units which create geometrical "holes" in the 
grain boundary free volume. Some of these "holes" may 
provide the proper geometrical configuration in the grain 
boundary free volume for a bonding interaction to occur 
between the segregated phosphorus atom and the iron atoms on 
either side of the grain boundary. Interactions such as this 
between transition metals and reactive species have been 
observed in inorganic compounds called transition metal 
complexes. However, the existence of a phosphor us-iron 
transition metal complex may not exist in the context of 
inorganic chemistry. That, however, does not rule out the 
possibility of associations similar to those observed in 
transition metal complexes to be occuring in the grain 
boundary free volume where phosphorus and iron are present in 
immediate proximity to each other and the right geometrical 
configurations for bonding exist.

Spaepen (58) has commented from diffraction studies on 
amorphous alloys and intermetallic compounds of phosphorus 
and transition metals that the phosphorus atom is surrounded 
by nine metal atoms in a capped trigonal prism geometry. The 
chemically excited state of a phosphorus atom can form five
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highly directional dsp^ hybridized orbitals when reacted with 
a species such as fluorine to form phosphorus pentafluoride, 
a trigonal bipyramidal molecule. The geometries of a 
trigonal bibyramidal molecule and a capped trigonal prism as 
described by Ashby et al (57) are similar except that four 
more bonds are required in the capped trigonal prism 
geometry. The extra degree of bonding may be considered to 
come from the d-orbitals in iron.

Stark and Marcus (59) have hypothesized that grain 
boundary segregants may interact with the boundaries to form 
a covalent glass, with the segregant forming highly 
directional bonds parallel to the interface. They have also 
hypothesized that this type of segregant-interface bonding 
would give the boundary region a great deal of cohesive 
energy. However, the region adjacent to the boundary would 
have a lesser degree of cohesiveness, since the bonding 
electrons are used to stabilize the boundary. Hence, brittle 
fracture does not occur on the grain boundary, but in the 
boundary-matrix region depleted in bonding electrons.

Covalent glasses and transition metal complexes would 
conceivably function equivalently to decrease the cohesion of 
the boundary-matrix region, since the high degree of 
stability in transition metal complexes also requires highly 
directional bonding, which would also provide a cohesive 
force between two grains. The only advantage to the
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transition metal complex theory is its ease of extention into 
metallurgical systems. Another aspect is that the formation 
of covalent glasses on grain boundaries seems to imply a 
complete coverage of this glasseous species on grain 
boundaries, which is not an accurate depiction of the 
inhomogeneous coverage of phosphorus on intergranular 
fracture facets in the high P 4150 Auger specimens. There 
are several theories presently used to describe the 
geometrical configurations and relative stabilities of 
various elemental species which form complexes.

The end result of this stabilization of the grain 
boundary would be to lower the grain boundary energy, thus 
making it more difficult to surmount the activation energy 
barrier accompanying nucléation. Nucléation is a 
f1uctuational process through which changes in both 
composition and crystal structure are accomplished. Since 
statistics governs the event, the probability of a cluster of 
atoms forming a critical nucleus of ferrite in the high 
phosphorus steel is less than that in the low phosphorus 
steel. The ability of ferrite embryos to attain a critical 
size must therefore be impeded by the presence of phosphorus 
on grain boundaries.

The nucléation rate of ferrite can be expressed as:

Nv = VC* (14)
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where v is the frequency at which an atom is added to a 
critical embryo to form a nucleus, and C* is the 
concentration of critical embryos (60). The incorporation of 
phosphorus in the grain boundary free volume can decrease the 
nucléation rate of proeutectoid ferrite by decreasing the 
statistical number of critical embryos, C*, by lowering the 
average energy per atom in the grain boundary region.

If phosphorus lowers the interfacial energy of the 
austenite grain boundary, the activation energy barrier that 
must be overcome for an embryo to become a nucleus will be 
greater than that for an austenite grain boundary which does 
not contain phosphorus. The phosphor us-induced increase in 
incubation time may follow since it may take the high 
phosphorus steel longer to surmount the activation barrier 
for nucléation at a constant temperature. Once the 
activation barrier accompanying nucléation is surpassed, 
nucléation will occur at a measureable rate. The nucléation 
rate is also dependent on the net driving force, AG, for the 
austenite ->proeutectoid ferrite reaction. This is the 
difference between the free energies of the final and initial 
states. If the net driving force for the proeutectoid 
ferrite reaction is less in the high P steel, the rate of 
nucléation might be reduced from that of the low P steel.

The size of a spherical critical nucleus, r*, is 
dependent upon the interfacial energy of the
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austenite:ferrite interface,y , and the volume freeY -o t

energy, AGv , through the following equation :

AGv
Since, a G^ in the proeutectoid ferrite reaction is 
proportional to the amount of undercooling from the 
austenitiz ing temperature, this is assumed to be constant in 
the high and low P samples. It thus follows that phosphorus 
should cause an increase in the interfacial energy of the 
austenite: ferrite interface, which would increase the 
critical nucleus size to hence make nucléation more 
difficult. Phosphorus may also decrease the nucléation
rate of ferrite by decreasing vacancy motion in the region 
surrounding the grain boundary. This would decrease v in 
equation 14 and thus impede the atomic rearrangement from the 
fee to bcc crystal structures. It should be mentioned that 
compound formation on grain boundaries may serve to increase 
the amount of interfacial area on which nucléation may occur 
thus increasing the available sites for nucléation. In 
contrast, Maitrepierre*s hypothesis on the boron effect on 
hardenabil ity states that M 23^B ' ^ 6  borocarbide precipitation 
on grain boundaries discourages nucléation by providing an 
interface between the borocarbide and the austenite that is 
of substantially reduced energy than that of the original 
grain boundary.
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Boron also segregates to grain boundaries and exerts a 
similar effect on hardenability by suppressing the ferrite 
transformation in low carbon steels (26,27). Boron has also 
been found to retard the bainite transformation in low carbon 
steels. However, in low carbon steels the hardenability is 
not largely dependent upon bainite formation as it is in the 
medium-carbon low alloy steels used in this investigation. 
Although many similarities exist between phosphorus and boron 
in that they both retard the bainite and ferrite reactions to 
improve hardenability, the boron effect decreases 
hardenability as the carbon content of the steel is 
increased.

Kapadia (24) has found that boron is only effective as a 
hardenabil ity promoter in its segregated state, and M23^B ' ^ 6  
borocarbide precipitation on grain boundaries upon cooling 
decreases the hardenability effect. Thus it is possible that 
higher carbon contents will increase the tendency for 
borocarbide precipitation on grain boundaries to occur, and 
the maximum boron hardenability effect occurs at low bulk 
carbon concentrations where the segregated carbon 
concentration is insufficient to favor borocarbide 
precipitation.

Mai trepierre et al (28) attribute (B,C)^ borocarbide 
precipitation to increase the incubation time for the 
formation of ferrite and lower the nucléation rate of ferrite
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by adding an interface between the precipitates and the 
austenite that is of substantially reduced energy from that 
of the grain boundary. Although the intergranular
precipitation of M (B,C) offers a way of inhibiting ferrite2 3 6
nucléation, too abundant a precipitation of this phase has 
been found to decrease the hardenability (28). Thus, in both 
mechanisms for the boron-induced retardation of the ferrite 
reaction, the presence of boron whether in a segregated state 
or in a borocarbide precipitate has been found to increase 
the incubation time for the formation of ferrite and lower 
the nucléation rate of ferrite.

The increasing phosphorus hardenability effect with
increasing carbon content may imply that an analogous
mechanism involving the precipitation of M (P,C)
phosphocarbides on grain boundaries is not occurring,
although the nature of the hypothetical M (P,C) species is
similar, except in size, to the M (B,C) borocarbide2 3 6
observed on intergranular fracture facets in boron-containing 
steels. Perhaps the size difference between boron and 
phosphorus may alter the precipitation propensities between 
these two elements. Boron, because of its smaller size, is 
more intensely reactive that phosphorus, and may more readily 
undergo a precipitation reaction. The high reactivity of 
boron may also be the reason why its maximum effects on 
hardenability are observed at lower bulk concentrations than
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phosphorus. Phosphorus is also reactive, but because of its 
large size relative to boron, is more sluggishly so. 
Therefore, the effectiveness of phosphorus in promoting 
hardenability may not be reduced at higher carbon 
concentrations because phosphorus may not precipitate as 
boron does, thus rendering itself ineffective as a 
hardenability promotor.

The extension of the transition metal complex theory to 
the case of boron is equally valid, since both boron and 
phosphorus have equivalent valence electron configurations 
which may form highly directional bonds to transition metals, 
such as iron, with their p-orbitals. Hence, boron too may 
increase grain boundary cohesion in the same manner as 
phosphorus by increasing the electron density in the grain 
boundary, and depleting the surrounding boundary-matrix 
region in bonding electrons.

The question still remains as to why increasing the 
carbon concentration from 0.3 wt pet to 0.5 wt pet 
intensifies the phosphorus effect on hardenability in 41XX 
type steels. In 4150 steels, the bainite reaction was 
retarded by phosphorus and similar coverage of the grain 
boundaries by carbon was observed in both high and low 
phosphorus Auger specimens held for 6 seconds at 460C. Auger 
electron spectroscopy indicated that the presence of 
phosphorus, carbon and chromium on prior austenitic grain



T-2666 62

boundaries in 4150 high P specimens, and the presence of 
carbon and chromium on prior austenitic grain boundaries in 
4150 low P specimens. Thus, the cosegregation of carbon and 
chromium is occurring in the low P specimens, and 
cosegregation between carbon and chromium, and phosphorus and 
chromium is occurring in the high P specimens. The 
cosegregation between phosphorus and carbon, although not yet 
rationalized with the Guttmann theory (35), may be occurring 
also. In fact, phosphorus and carbon cosegregation in the 
austenite may be the mechanism by which the hardenability 
increases in the 4140 and 4150 steels. Perhaps there is 
segregated carbon in solid solution near the grain boundary 
that is not incorporated in cementite which may serve to 
stabilize the austenite against transformation to ferrite.
The cosegregation of carbon and phosphorus may be occurring 
in the high phosphorus 4150 steel, although marked increases 
in the concentrations of phosphorus in the high phosphorus 
steel over its low phosphorus counterpart were not observed. 
Perhaps this is because cementite forms upon quenching in 
both high and low phosphorus specimens, and thus eradicate 
any differences in grain boundary carbon concentrations 
present in the austenite. Evidence exists for phosphorus 
segregation at prior austenite grain boundaries in 4130 steel 
(61). Nevertheless, that phosphorus segregation together 
with only 0.3 wt pet carbon does not produce any improvement
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in hardenability as shown in this investigation, nor is it 
sufficient to cause the intergranular form of TME (62 ,63) . 
Upon comparing the 4130 steel which has segregated phosphorus 
without the existence of cementite and has no 
phosphor us-induced hardenability with the 4150 steel which 
also has segregated phosphorus but has carbon in the form of 
cementite and exhibits a phosphorus-induced effect on 
hardenability, the effect of phosphorus on hardenability 
seems due to the formation of cementite in the 4150 steels. 
However, the carbon peak shape in the high and low phosphorus 
4150 Auger specimens held for 6 seconds at 460C was that of 
cementite, while just the high phosphorus 4150 steel had a 
marked retardation of the bainite reaction by phosphorus at 
this transformation temperature. Thus it is possible that 
the segregation of phosphorus to grain boundaries and the 
intergranular fracture associated with carbide grain boundary 
films in tempered martensite embrittled steels may be two 
independently occurring phenomena.
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CONCLUSIONS:

1. Phosphorus at concentrations within commercially 
permitted limits increases the hardenability of medium carbon 
41XX steels if the alloy carbon concentration is greater than 
0.3 wt pet. The higher the carbon concentration beyond 0.3 
wt pet, the greater is the effect of P on hardenability.

2. The combined effect of carbon and phosphorus in 41XX 
chromium-molybdenum steels improves hardenability by 
retarding the formation of bainite.

3. The presence of segregated phosphorus on prior austenitic 
grain boundaries decreases the nucléation rate and increases 
the incubation time for proeutectoid ferrite grain boundary 
allotriomorph formation in 4150 steels. Phosphorus also 
suppresses the grain boundary nucleated upper bainite 
reaction in 4150 steels by retarding the nucléation of the 
ferritic component of upper bainite.

4. The growth rates of proeutectoid ferrite and upper 
bainite were not appreciably influenced by the addition of 
phosphorus in 4150 steel.

5. Cementite on prior austenite grain boundaries forms
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irrespective of phosphorus content upon quenching from 
austenite. Therefore, in the 4150 steel where the effect of 
phosphorus on hardenability is the greatest, the retardation 
of the proeutectoid ferrite and upper bainite reactions is 
not attributable to the formation of cementite on 
intergranular surfaces.

6. The cosegregation of phosphorus and carbon to grain 
boundaries in the austenite or carbide :austenite interfaces 
may cause the synergistic increases in hardenability in the 
4140 and 4150 steels.

7. The increases in hardenability in the low P 4140 and 4150 
steels may indicate that segregated carbon on intergranular 
surfaces in the austenite is retarding the bainite reaction.

8. Since the higher phosphorus content employed in this 
study was well within the allowable AISI specifications for 
41XX steels, knowledge of the effects of segregated 
phosphorus may be important in providing recognition of the 
fact that the beneficial effects of phosphorus on 
hardenability may have to be compensated by the addition of 
other alloying elements if phosphorus is reduced to improve 
toughness.
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9. From other work, the critical combinations of carbon and 
phosphorus which promote hardenability also render a steel 
susceptible to tempered martensite embrittlement. The use of 
phosphorus as an alloying element is thus discouraged because 
of its relationship to TME and TE, especially in applications 
that require high fracture toughness in addition to high 
hardness.
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Figure 2: Effect of P on ideal diameter, DI , of a 0.6 wt
pet C - 1.0 wt pet Mn steel according to Grossmann (33). The 
lower line was obtained from specimens with a grain size of 
ASTM l r the upper line from specimens with a grain size of 
ASTM 4.5.
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Figure 3: Effect of P on hardehable diameter of 0.2 wt pet
C - 0.5 wt pet Mn steel with an ASTM grain size of 4 
according to Grange (25).
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Figure 10: Lower bainite, upper bainite and martensite
formed at 19mm from the water quenched end in the high P 4150 
Jominy bar. Nital etch.
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8 0  fj.m

Figure 11 : Comparison of bainite formation in 4150 steel at
20mm from the water quenched end in (a) low P Jominy bar and 
(b) high P Jominy bar. Nital etch.
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Figure 12: Morphologies of upper bainite formed in 4150
steel at 30 mm from the water quenched end in (a) low P 
Jominy bar and (b) high P Jominy bar. Arrows point to 
characteristic coarse ferrite in the low P alloy. Nital 
etch.
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WES
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' # 0 %

Figure 13: Effects of residual segregation in the high P
4150 Jominy bar at 16mm from the water quenched end. Nital 
etch.



T-2666 83

Figure 14: Interdendritic (light etching martensite) and
dendritic (dark etching bainite) regions in the high P 4150 
Jominy bar at 25mm from the water quenched end. Nital etch.
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Figure 19: Upper bainite isothermally formed at 46OC upon
holding for 55 seconds in (a) high P and (b) low P 4150 
steels. The high P steel contains 8.6 vol pet bainite. The 
low P steel contains 45 vol pet bainite. Austenitic grain 
boundary etch and nital.
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Figure 20: Upper bainite isothermally formed at 46 OC upon
holding for 100 seconds in (a) high P and (b) low P 4150 
steels. The high P steel contains 50 vol pet bainite. The 
low P steel contains 85.5 vol pet bainite. Austenitic grain 
boundary etch and nital.
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Figure 21: Upper bainite colonies originating from austenite
grain boundaries in (a) high P and (b) low P 4150 steels 
isothermally held at 46OC for 55 seconds. Austenitic grain 
boundary etch and nital.
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Figure 22: Upper bainite laths spanning austenite grains in
(a) high P and (b) low P 4150 steels isothermally held at 
46OC for 55 seconds. Austenitic grain boundary etch and 
nital.
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Figure 23: Completely untransformed austenite adjacent to
grains completely transformed to upper bainite in the high P 
4150 steel isothermally held at 46OC for 100 seconds. 
Austenitic grain boundary etch and nital.
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Figure 27: Inverse cumulative distribution curves for
proeutectoid ferrite formation in high P 4150 steel.
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Figure 28: Inverse cumulative distribution curves for
proeutectoid ferrite formation in low P 4150 steel.
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,200 Mm

(a)

(b)

,200
Figure 32: Pearlite colonies and small proeutectoid ferrite
grain boundary allotriomorphs isothermally formed at 680C 
upon holding for 480 seconds in (a) high P and (b) low P 4150 
steels. Austenitic grain boundary etch and nital.
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Figure 33: Ferrite grain boundary allotr iomorphs and
pearlite colonies isothermally formed upon holding at 680C 
for 480 seconds in (a) high P and (b) low P 4150 steels. The 
pearlite colony in the lower left corner in the low P 
specimen has been magnified in Fig. 34. Austenitic grain 
boundary etch and nital.
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*

j

Figure 34: A pearlite colony associated with proeutectoid
ferrite allotr iomorphs (right top corner and bottom left 
corner) in low P 4150 steel. Austenitic grain boundary etch 
and nital.
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Figure 35: Pearlite colonies surrounding ferrite grain
boundary allotriomorphs formed at 680C for 480 seconds in (a) 
high P and (b) low P 4150 steel. Austenitic grain boundary 
etch and nital.
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Figure 36: Growth of pearlite colonies in low P 4150 steel
into the surrounding austenite. Austenitic grain boundary 
etch and nital.
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Figure 39: Qualitative carbon profiles on fracture surface
of high P as-quenched 4150 Steel. Lines A-A' and B-B1 are 
the positions of the traces used for the AES carbon analysis. 
Line B - B 1 shows the carbon concentration drop across the 
intergranular (labeled I) :transgranular (labeled T) 
interface.
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APPENDIX 1:

Austenitic Grain Boundary Etch :

Composition: 30 ml sodium tridecylbenzene sulfonate
500 ml saturated picric acid 
5-10 drops concentrated HC1

MIXING: 1. Saturate distilled water with solid picric acid
and filter out residue.

2. Add sodium tridecylbenzene sulfonate by 
stirring in 30 ml per 500 ml saturated picric acid.

NOTE: This stock solution can be stored for an indefinite
period.

3. Add 5-10 drops of concentrated HC1 added to 100 
ml of the stock solution just before use.

ETCHING : 1. Surface must be freshly polished.
2. Etch sample in ultrasonic bath for several 

(2-5) minutes, then polish lightly on final step abrasive. 
Carbides will be visible before grain boundaries.

3. Repeat above step, always polishing before 
re-etching until grain boundaries are well resolved.
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This etching procedure is courtesy of Dr. Charlie Apple, 
Bethlehem Steel Corporation, Bethlehem, Pa.

The wetting agent, sodium tr idecylbenzene sulfonate (40% by 
weight), is available from:

Chemithon Corporation 
54 50 W. Marginal Way S.W.
Seattle, Washington 98106


