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ABSTRACT

The effect of hot isostatic pressing of AISI 4340 low alloy steel on
micropore elimination was investigated and was found to substantially

accelerate it. After a 13 hr. heat-treatment at 13150C the remaining volume
percent micronorosity is 5x10- 3 after a 30 hr. reatment it is reduced to
4xi0 3 ; hot isostatic pressing of 1 hr. at 1260vC and 29,000 psi has been
found to completely eliminate microporosity. The study of the effect of
homogenization on sulfides continued: Types I, II, III and IV sulfides and
sheet-like FeS inclusions coarsen during the treatment and finally become
faceted. Coarsening kinetics studies indicated that coarsening of Type II
sulfides is probably controlled by the diffusion of sulfur.

(2 inches x 3 inches x 6 inches) of AISI 4340 low alloy steelIngots ( nhsx3 nhsx6ice)o II44 o lo te

containing nominally 0.1s sulfur were unidirectionally solidified in a
bottom-chilled exothermic mold. The volume percent sulfides and the number
of inclusions per unit volume of matrix slightly decreased with disLance from
the chill, whereas their mean overall size increased. During vacuum homo-
genization of cast material at 1315 0 C the volume percent sulfides remained
practically unchanged, whereas their morphology changed to faceted. The number
of inclusions per unit volume of matrix and the sulfide-matrix interface area
per unit volume of sulfide decreased with homogenizetion time, whereas the
mean overall size of inclusions increased. A coarsening model was introduced
to describe coarsening kinetics. During vacuum homogenization at 13150 C of
rolled material there was practically no change tn volume percent sulfides.
The time variation of the number of particles per unit volume exhibited a
maximum, whereas that of the mean overall sizes minimum. These results are
compatible with metalloRravhic observations showing that the hot-rolled and
elongated sulfides break-up into small segments which speroidize with ttomo-

genization time and finally assume faceted forms.



FI

TABLE OF CONTENTS

Page No.

ABSTRACT ii

FORWARD iv

1. INTRODUCTION 1

II. EXPERIMENTAL PROCEDURE 7

Melting and Casting

Homogenization Treatment and Hot Isostatic

Pressing

Thermomechanical Treatment

Metallographic and Microradiographic

Examination

III. RESULTS 13

Effect of Hot Isostatic Pressing on
Microporosity

Effect of Homogenization on Structure of

Sulfides

Effect of Thermomechanical Processing on

Sulfide Inclusion

IV. DISCUSSION 19

Elimination of Microporosity by Hot Isostatic

Pressing

Morphological Changes of Sulfide Inclusions

Changes in Size Distribution of Type II Sulfides

Effect of Thermomechanical Processing on Sulfide
Inclusions

V. CONCLUSIONS 31

V I. REFERENCES 36

-I

I



iv.

FOREWORD

This report was prepared by the Department of Metallurgy and Materials
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I. INTRODUCTION

Results of studies on the effect of high temperature homogenization

on sulfide inclusions and mizroporosity in unidirectionally solidified

434O low alloy steel ingots were reported earlier The ingot,

prepared for studying the morphological modifications of sulfide inclusions,

contained Type II, Type III. and a mixed Type II - III sulfides. It was

found that during homogenization at 1315 0C, for times between 20 and 100

hours Type II and mixed Type II - III sulfide inclusions coarsened and

assumed compact polyhedral shapes. These shapes are expected to be less

deleterious to mechanical properties than the original Type II and Type II -

III inclusions.

Results of studies on the effect of homogenization on microporosity

showed that its amount decreased with increasing homogenization timeI .

Fine micropores near the chill disappeared faster than coarse micropores

away from the chill. Nonspherical micropores gradually spheroidized during

the treatment. The first part of the work reported herein is on the

effect of homogenization, of unidirectionally solidified AISI 4340 low alloy

steel, under high isostatic pressure (in excess of 20,000 psi) on volume

percent and geometry of microporosity. Measurements were made using the

1
microradiographic technique previously described I .

The second part of this report contains results from our study of the

effect of homogenization on the morphology of inclusions in unidirectionally

solidified iron ingots containg a single type of sulfides., The composition

of each ingot was controlled so that only a single type of sulfide formed

during solidification. The types of sulfide inclusions whose morophological

evolution during homogenization was studied were; Type I, Type II, Type III,

Type IV and sheet-like FeS inclusions.

..I-
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The third and major part of the work reported herein deals with the

effect of thermomechanical processing of steel on sulfide inclusion

volume percent, geometry, and distribution inside the steel matrix. The

thermomechanical processing considered herein includes a combination of

hot-rolling (heat-treatment and working) of slices taken from a columnar

ingot and homogenization of the rolled product at various stages of the

process.

Hot rolling or homogenization may be conducted at temperatures At which

the inclusions are solid, partly liquid or entirely liquid. The anticipated

effects of these treatments on inclusions may be sunarized as follows;-

1. Heat Treatment at a Temperature at Which Inclusions are Solid

This heat-treatment may affect the average composition of inclusions

and the various phases which are present in them.

(a) Effect on Average Composition of Inclusions

In a study by Yarwood et al12 on the formation of inclusions in

the Fe-FeO-FeS system it was shown that large compositional differences

exist between inclusions separated by very short distances. During heat-

treatment oxygen and sulfur sould be expected to diffuse in order to

restore chemical equilibrium.

In a steel rich in sulfur and rapidly solidified the (Mn, Fe) S inclusions

may have an Fe content higher than the equilibrium value and a Mn content

lover than the equilibrium value. During heat-treatment one might anticipate

than Mn would diffuse from the steel matrix to the sulfide phase and Fe would

diffuse in the reverse direction, creating a tn-depleted zone around the

sulfide inclusion. In certain cases such zones have been observed by
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Salmon Cox et 3 and by Matsubara 4

These examples clearly indicate cases in which the average composition

of inclusions could change during heat-treatment. Very limited quantitative

information is available on this subject.

(b) Effect on Phases Present in Inclusions

It is well known that FeS precipitates, often in a Widmannstatten

pattern, from a supersaturated (Mn, Fe)S phase solidified at steel-

5making temperature . Spessartite and mullite (or even corundum) have

been observed 5 ' 6 to precipitate from a. glassy matrix in low-C steel

deoxidized with Mn, Si and Al after a heat-treatment of 2 hours at

11000C. Kiessling5 observed that dendritic cristobalite dispersed in

;h-silicate inclusions transformed to more s* b] tridvite during heat-

treatment, whereas corundum transformed into galaxite. Again, besides

these ocnaeional observations no coherent study has been conducted on

ti 1is problem.

2. Homogenization at a Temperature at Which Inclusions are Solid

Homogenization at a temperature at which inclusions are solid may affect

their volume fraction, shape, size and distribution. ,fims 7 observed that

sulfides spherodize after a heat-treatment of 24 hours at 13150C. He also

observed a very small dissolution of sulfides in resulfurized steel heat-

treated at 1315OC; other authors 6 ,8-1 1 , observed minor dissolutions of

sulfides at temperatures above 1200'C. Gnanamuthu et al12 conducted an

extensive quantitative metallographic study of the effect of homogenization

at 13150C on sulfide inclusions in resulfurized AISI 4340 low alloy steel

and observed that; (a) The total number of sulfide inclusions per unit voltuhe



and the sulfide-matrix interface area p-!r unit volume decreased with

homogenization time, whereas the mean overall inclusion size increased

and the volune fraction of sulfides remained practically unchanged; (b)

For oxide and silicate inclusions none of these parameters changed in a

measurable way with homogenization time; (c) Type I sulfides coarsened

substantially with homogenization time and became faceted for longer times;

Type II sulfides appearing in the ascast condition as an interdendritie

eutectic network broke into segments which coarsened individually and

ultimately became faceted for very long homogenization times. No quantitative

information is yet available on the modifications of Type III sulfides. The

spheroidization of sulfides and other nonmetallic inclusicns was also observed

by Hellner et &11 3 during homogenization of hot-rolled sheet of tool steel.

This spheroidization was more significant in the case of small inclusions,

1'4as would have been expected. Similar observations were made by Vogels et al

3. Homoenization at a Temperature at Which Inclusions are Partly or

Totally Liquid

Homogenization at a temperature at which inclusions are partly liquid

would be expected to lead to coarsening (Ostwald Ripening) 1 5 - 1 7 and

coalescence of the oolid part. Examples of such phenomena are occasionally

mentioned in the literature 1 8 but no quantitative study has yet been

reported.

4. Hot-Rolling

Hot-rolling affects the geometry of inclusions in a way which depends
19

directly on their deformability, that is their deformation rclative to the
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deformation of the steel matrix for different temperatures, pressures and

velocities . Kiessling et al5 and Kiessling2 . studied extensively the

variation of the deformability of various inclusions (FeO, MnO, A12 03

Ca-aluminates, spinel ty, - double oxides, silicates and MnS) versus temperature.

The hardness of sulfide inclusions (Mn,Fe) S versus composition was

investigated by Chao et a122 . Chao et al investigated the relationship

between plastic deformation of MnS in steel and the inclusions orientation

and working temperature of the metal. Steel and MnS inclusions were found to

exhibit sufficiently comparable deformation characteristics so that slip which

initiated in steel continued through the inclusions and back into steel again,

provided, of course, the inclusions orientation was favorable.

During hot-rolling softer phases deform plastically, whereas harder

phases break up into strings of small crystals in the direction of deformation

of the steel matrix . Often hard inclusions, such as corundum, separate

f'rom a softer phase, such as aluxinosilicate matrix, diring rolling 5 .

Pickuring 2 5 studied the deformati)n and deformation and dissemination of

nonmetallic inclusions during rolling and concluded that: (a) Fracture of

the inclusions is nec :ssary in order to disperse the larger detrimental

inclusions into smaller, less ha'mful particles. (b) Fracture occurs at low

deformation temperature or large hot-working educti ons; arger inclusions

fracture first. (c) Multiple hot-working with intermediate rehc.atings would

seem preferable to all the hot-working being carried out with on]y one

reheating. Hence, it is advisable to break down the lart;er injurious

inclusions into less harmful dispersions by promoting an early fracture

during the deformation process, perhaps by a low temperature working treatment.

These particles are stress raisers and can be plasuically deformed during
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hot rolling.

Several of the effects previously summarized, of heat-treatment on

inclusions, are also observed during hot-rolling. Thus, there are

indications that the composition of sulfides changes during hot-rolling2
6

and that phase transformations 5 can occur faster during hot-rolling than

during an ordinary heat-treatment. Coarsening during homogenization following

hot-rolling and fragmentation of certain inclusions is expected to be faster

because of the higher curvatures corresponding to finer particles. This

expectation is justified by observations made by Hellner et al1 3 .

To summarize: The intrinsic properties of the inclusions in steel, hence

their composition and internal microstructure as compared with those of the

matrix, their geometry and orientation with respect to the matrix control

their behavior during thermomechanica.l processing and are expected to affect

significantly the properties of the finished sheet; these characteristics

vary during thermomechanical processing. A significant amount of useful

information on the effect of thermomechanical processing on inclusions in

steel still remains to be derived. It is the purpose of the work reported

herein and of the work now in progress to contribute to a deeper understanding

of this field.
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II. EXPrRIMENTAL PROCEDURE

Melting and Casting

Undirectional ingots of 4340 low alloy steeland iron containing carbon,

sulfur, and manganese were cast using equipment, and melting and casting
1I

procedures previously described. Composition of the iron ingots was

"aried such that each ingot contained a single type of sulfide inclusions

(Type I, Type II, Type III, Type IV, and sheet-like FeS inclusions). The

starting material was high purity iron, Ferrovac E (99.9% pure), and the

necessary amount of Fe-C master alloy. Approximately 700 grams of the

alloy were vnelted in an alumina crucible under 1/2 atmosphere inert gas

pressure. Additions of sulfur and manganese, as master alloys, were made

2 to 3 minutes prior to casting. The pouring temperature was between 1600

and 1650 0C

Each unidirectional ingot cast was approximately 2 inches high x 2 inches

A
wide x 1.5 inches deep. Figure 1 is a schematic diagram of the chill and

mold arrangement. Table I shows the compositions and types of inclusions

in the unidirectionally solidified iron ingots.

The AISI 4340 low alloy steel used for investigating the effect of

therznomechanical processing on inclusions was air-melted in an induction

furnance with a 30KW, 10KC power supply, following a standard melting practice

7hc sulfur level in this material was brought up to 0.1 weight percent by

addition of the appropriate amount of FeS, assumed stoichiometric, in order

to follow easily the evolution of inclusions during their thermomechanical

history.

---- ---- -
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The melt was cast and unidirectionaljy solidified in a composite mold

supported by a water-colled copper chill as shown schematically in Figure 2.

The angle of the tapered exothermic sleeve in this mold was calculated as

previously described 27 The space between the exothermic material and

the stainless steel casting was filled with sodium silicate-bonded silica

sand (CO 2-sand). Each ingot was approximately 6 inches high x 2.25 inches

wide x 3.25 inches long.

Homogenization Treatment and Hot Isostatic Pressing

Specimens (1.0 cm x 1.0 cm x 4.0 cm) were taken from each 4340 ingot

for high temperature, high pressure homogenization treatments. The hot

isostatic pressing was carried out at 12600 C and 10380 C at pressures of

29,000 and 27,000 psi, respectively, using an ASEA press at Industrial

Materials Technology, Inc. The samples were cold pressurized up to 13,000

psi, then heated to the desired temperatures at 900 0 '/hr. Pressurization

was done using argon gas. In the homogenization treatment studies of sulfide

inclusions, specimens were removed from each iron ingot at 2.5 cm from the

chill and homogenized in vacuum (5 x 10- 5 mm Hg) using an MRC vacuum furnace

with tantalum heating elements. The homogenization treatments were carried

out at temperatures between 9500C and 1315C for times between 5 and 150

hours. At the end of each homogenization treatment, the power was shut off

and the samples furnace - cooled.

Thermomechani cal Treatment

The ingots made for studying the effect of thermomechanical processing

on inclusions were sliced transversely and four slices were taken at 0.505,
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1.54, 2.8 and 4.2 inches from the chill. These slices were hot-rolled at

12000C in a Fenn 3F rolling mill, Several passes were made until reduction

of 70 percent (3.3/1) and 85 percent (6.6/1) were ontained. In order to

avoid any substantial cooling of the slices during rolling they were "sand-

wiched" using 1/4 inch thick low C steel sheet. This "pack-rolling" was

interrupted by intermediate reheatings in a Lucifer furnace. Specimens for

metallographic examinations were taken from the as-cast and from rolled

material homogenized in vacuum at 13150C for 0, 20, 50 and 100 hours. The

specimens examined and their thermomechanical treatment are summarized in

Table TI.

Metallographic and Microradiogrsahic Examination

For the study of the effect of homogenization on sulfide inclusions

samples were taken at 2.5cm from the chill. They were ground and polished

on diamond wheels and examined unetched using metallographic techniques.

Detailed quantitative calculations of volume percent, size distribution, and

matrix-sulfide interfacial area were carried out on sulfides as a function

of homogenization time. The quantitative metallographic procedure and

details of calculations were described previously 1 Calculations were

made for the sulfides asstmed to be spherical in shape. The computer program,

written in Fortran IV language for an IBM 360 System, was used for thc

foregoing calculations.

Microradiographic examination of mi: roporosity was carried out on samples

0.005 cm thick removed from the as-cast, homogenized, and hot isostatically

pressed material. The details of the X-ray apparatus, sample holder, and

procedure employed to determine volume fraction and size distribution of the
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micropores were previously described

The ingots prepared first for thermomechanical studies were first

longitudinally polished and macroetched with a hydrochloric solution of

FeCl 3 and CuCI 2 to determine the extent of columnar growth. On the average

the colmnsr structure extended up to 85 percent of the ingot height. The

various specimens processed thermomechanically, Table II, were ground,

polished on diamond wheels and on a Syntron polisher and examined unetched.

Quantitative metallographic techniques were used to evaluate the volume

percent and average number of sulfides per unit volume of matrix, the mean

overall size of inclusions and the sulfide-matrix interface area per unit

volume of sulfide. Details of procedures used for these evaluation were

I
given previously These procedures may be summarized as follows:

1. Measurement of Volume Percent Sulfides:

A two dimentional systematic point count procedure was used based on a

28coarse-mesh lattice criterion . The samples were examined at 100OX using

a 10 x 10 grid having 100 intersections. A total of 16000 points were pro-

jected. The volume percent was measured using the relationship

N
V - x 100 L1)

where N = number of grid intersections falling on inclusions.

N = Total number of intersections projected.

Measurements were conducted directly on the screen of the metallograph using

randomly chosen areas of the specimen. Similar measurements were also

conducted using a Quantimet 720 cc-puterized image analyzer. Discrepancies
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between the results and those obtained by point-counting were substantial,

probably because the contrast between inclusions and matrix is not very

high and because of the existence of other types of inclusions. More confidence

was, therefore, put on results obtained by point-counting.

For evaluating the other parameters by quantitative metallography it

29
appeared necessary to apply Dehoff's modification of Saltykov's analysis

by introducing a shape factor to correct for th, nonequiaxed shape of

inclusions, especially in the hot-rolled condition. However, it soon became

evident that the assumption 29 that inclusions could be assimilated with

prolate or oblate ellipsoids of revolutions of constant axial ratio was far

from realistic. In the hot-rolled condition it could be assumed that

inclusions aie in-between oblate and prolate ellipsoids of variable axial

ratios. Thus, several classes of inclusions were defined per specimen, on

the basis of their axial ration. The Number of Inclusions , N_ in the 1 th

Class Per Unit Volume was determined by polishing down the specimen and

counting inclusions in a given area, marked adequately with a microhardness

tester, over a known thickness.

Measurement of the Total- Sulfide-Matrix Interface Area per Unit Volume

of Sulfide:

The total sulfide-matrix surface area per unit volume of matrix, S,

is given 29 by:

Tr CL) 2 , T(B ) 2  + E)

S E Cj [ + (2 i (- E for an oblate ellipsoid. [2]
j=l 2 4EE

and
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kI
w r(B )2 + )(B -in- o a prolate ellipsoid. [3]

J=l 2 2!

where: A, a mean major axis

B v mean minor axis A

E = - B excentricity [4)

AI

th
N number of inclusions in the j class per unit volume.

k= number of classes of inclusions having approximately the

same shape, hence the same axial ration BJ/AJ and the same E.

S = sulfide-nmtrix interface area per unit volume of matrix.

The sulfide-matrix interface area per unit volume of sulfide, S, is

related to S by the expression:

S =S/V
v

where V volume percent of sulfide

3. Measurement of Mean Overall Size of Inclusions:

The mean overall size of inclusions, R was determined by the following

expressions:

R for an oblate ellipsoid [5]

F 4= - for a prolate ellipsoid 1

17]

k
E

= J=l Nji

where: Rj mean overall size of inclusions, for the jth class.
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III. RESULTS

Effect of Hot-Isostatic Pressing on Microporosity

Measured volume percent microporosity versus distance from the chill, in

a unidirectionally cast h340 low alloy steel ingot, in the as-cast homogenized,

and hot isostatically pressed conditions is plotted in Figure 3. A specimen

located 3cm away from the chill contains 2x.0 - 2 volume percent microporosity.

After homogenization treatment for 30 hours at 1315C microporosity is reduced

to Ixl0 - 2 voliume percent. No microporosity was observed in the same specimen

hot isostatically pressed for 2 hour at 1260C and 29,000 psi. Figure 4 shows

microradiographs of the observed microporosity in the as-cast, homogenized, and

hot isotatically pressed specimens.

Sections of another unidirectionally cast 43h0 low alloy steel ingot were

also hot isostatically pressed for 1 hour at 12600 C under 29,000 psi pressure,

and at 1038C under 27,000 psi pressure, respectively. Figure 5 shows that even

at the lower temperature, 10380 C, there was no observable microporosity left in

the specimen.

Effect of Homogenization on Structure of Sulfides

The composition, type of sulfide inclusions obtained, and pouring temperature

of each unidirectionally solidified iron ingot is zummarized in Table I. Figures

6 to I show the effect of homogenization treatment on Type I, Type TI, Type III,

Type IV, and sheet-lik-e FeS inclusions. During homogenization at 1315"C the Type I

sulfides, which are spherical in the as-cast condition, coarsen into polyhedral

shapes, Fugire 6. Type II sulfides are finely dispersed along the interdendritic

regions forming a eutectic network in the as-cast condition. During homogenization



treatment at 1315eC they break into segments which coarsen into large faceted

sulfides, Figure 7. Type III sulfides do not undergo a marked change in

morphology. During homogenization treatment at IIOO0 C Type III sulfide coarsen,

and the sharp edges and corners which are characteristic of these sulfides become

smoother, Figure 8. Type IV sulfides undergo some changes in their morphology.

During homogenization treatment at 1100 0 C Type IV sulfides coarsen, and become

spheroidal, Figure 9. After long homogenization of 150 hours, some of the Type IV

sulfides assume a faceted morphology. During this coarsening, dissolution takes

place at the dendritic roots of these sulfides, Figure 10,with reprecipitation on

the lateral surface o? the arms.

Sheet-like FeS sulfide inclusions breakup during homogenization treatment

at 9550C. They form angular or spheroidal inclusions at Junctions between three

or more grain boundaries. These inclusions coarsen by shortening and thickening,

Figure 11.

The measurements on the distribut on of Type II sulfides were made on samples

taken at 2.5cm from the chill in ingot #2. The sulfides were extremely fine and

in the polished section appeared either as beads or rods in the as-cast condition.

After homogenization these sulfides assumed polyhedral shapes, Figure 7. The size

distribution measurements were made assuming that the sulfides possess a spherical

morphology.

The decrease in the total number of inclusions per unit volume during

homogenization treatment at 13150 C is illustrated in Figure 12. The corresponding

increase in the mean overall size of sulfide inclusions is shown in Figure 13. The

size distribution as a function of homogenization treatment time is plotted in

Figure 14. This figure clearly illustrates the decrease in the number of small

sulfides and the corresponding increase in the number of large sulfides.
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Durir g homogenization the volume percent of sulfide inclusions remained

unchanged, Figure 15, while the matrix-sulfide interfacial area decreased

considerably, Figure 16.

'The results reported above are also shown in tabulated form in Table III.

Effect of Thermomechanical Processing on Sulfide Inclusions

The morphology of sulfide inclusions at various stages of the thermomechanical

treatment is illustrated in Figures 17-20.Metallographic studies on these

inclusions may be suunarized as follows:

1. Shape of Sulfide Inclusions:

In the as-cast condition inclusions are basically of Types II and III.

During homogenizatiun of the cast material there is a gcadue3 break-up of Ty-pe

II inclusions and formation of a new generation of faceted inclusions, called

herein "Type III" inclusions. Both generations of Type III inclusions (the as-

cast and those originating from geometric transformations of Type II inclusions

during homogenization) coarsen substantially with increasing homogenization time.

In the as-rolled condition there are substantial variations in inclusion
18

morphology, Figures 17 and 18, indicating variations in their deformability

that is their deformation relatively to the deformation of the steel matrix.

In the rolled-and-homogenized condition it is generally observed that plastically

deformed and elongated inclusions break into segments which spheroidize with homo-

genization time and become ultimately faceted, Figure 19. With increasing homo-

genization time the faceted sulfides coarsen further preserving their idiomorrhic

shape. ]

[S|
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2. Volume Percent of Sulfide Inclusions:

The volume percent of sulfides (Types II and III) is plotted in Figure 21

versus distance from the chill for the as-cast condition and for the cast-and-

homogenized condition at 13150 C for 20, 50 and 100 hours. It can be seen that:

i) the volume percent of sulfides increases in the proximity of the chill; 2) There

is no measurable change in the volume percent of sulfides vitn homogenization

time. Figure 22 shove that the volume percent of Type III sulfides increases

vith homogenization time by an amount vhich is basically independent of location

from the chill. A comparison of Figures 21 and 22 shovs that for a homogenization

treatment of 100 hours all the Type II inclusions have been transformed into Type

IIl.

The volume percent Bulfides versus distance from the chill is plotted in

Figures 23 and 24 for the rolled condition corresponding to reductions of 70T% and

85%, respectively. These figures include information pertinent to as-rolled

material and to material rolled-and-homogenized at 1315*C for 20, 50 and 100 hours.

The folloving observations can be made on the basis of these plots: 1) In the

rolled material, as reasonably expected, the volume percent sulfides is higher next

to the chill than away from it; 2) homogenization does not seem to appreciably

modify the volume percent sulfides; 3) plastic deformatione during hot-rolling

does not seem to affect the volume percent sulfides. It is a fact that volume

percents in the material reduced85% appear lower than those in the case material.

This could be attributed to some systematic error during measurements by point

counting due to the fineness of inclusions in the highly reduced state and their

significant difference in geometry f-.om that in the cast material.
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3. Number of Sulfide Inclusions Per Unit Volume of Matrix:

The variation of the number of sulfides per unit volume of matrix,

N, versus homogenization time is plotted in Figure 25 for cast specimens taken

at different distances from the chill. It can be seen that in the as-cast

condition this number is higher next to the chill and decreases with distance

from the chill. Also, for shorter homogenization times up to 20 hours the rate

of decrease of N with time is much higher near the chill than away from it. For

longer homogenization times this difference in rates progressively decreases and

becomes finally insignificant.

Figure 26 illustrates the variation of the N versus homogenization time

for rolled material reduced 70%, with specimens taken at different distances from

the chill. The striking observation which can be made is that there is an increase

in N with increasing homogenization time followed by a gradual decrease analogous

to that observed in Figure 25. The accurate position of the maximum is not known

with the small number of specimens available. However, there is theoretical reason

to believe that the homogenization time for which this maximum in N is reached

increases with increasing distance from the chill. Another observation which can

be rade is that the rate of increase of N decreases with increasing distaice from

the chill. The same observation holds for the rate of decrease of N following the

maxim-Axn on the curve.

Similar observations can be made on Figure 27 which illustrates the variation

of 1i versus homogenization time for rolled material reduced 85% with specimens

taken at various distances from the chill. The maxima in N attnined in this case

are higher than in the case of specimens reduced 70%, Figure 26.

Figures 25 and 27 have been combined for plotting Figure 28. In this graph N

is plotted versus distance from the chill for cast material and rolled material
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reduced TO% and 85% with specimens in the as-processed condition or homogenized

fo' 50 hours. This graph emphasizes the face that in all conditions N decreases

with increasing distance from the chill. In the cast condition N is lower in the

homogenized state, whereas in the rolled condition it is higher, especially for

the material of higher reduction.

4. Mean Overall Size of Inclusions:

The variation of the mean overall size of sulfides versus homogenization

time for cast specimens taken at different distances from the chill is given in

Figure 29. The mean overall size of sulfides increases with homogenization time,

this increase being faster for inclusions in the material close t the chill.

For rolled material the mean overall size of sulfides first decreases,

reaches a minimum whose position is not known with accuracy, and subsequently

increases, Figures 30 and 31. The mean overall size is larger for specimens taken

away from the chill and for specimens reduced less during hot-rolling.

5. Sulfide-Matrix Interface Area Per Unit Volume of Sulfide:

The dependence of the sulf'ide-matrix interface area per unit volumev of

sulfide, S v, on homogenization time is illustrated in Figure 32 for cast material

and specimens taken at different distan 3 from the chill. Sv decreases withVi
homogenization time for specimens ta!:en at a given distance from the chill and with

distance from the chill for specimens homogenized for the same time. For short

homogenization tiiaes tne rate of decrease of Sv with time is higher for specimens

taken from the vicinity of the chili. For long homogenization times the rate of

decrease of S with time becomes almost independent of distance from the chill.V
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IV. DISCUSSION

Elimination of Microporosity by Hot Isostatic Pressing

The complete elimination of microporosity by hot isostatic pressing

is illustrated in Figures 3 to 5. The elimination of micropores by

diffusion of vacancies from pore surfaces to grain boundaries depends on

the amount of porosity, pore size and distribution, grain size and

interaction of grain boundaries with porosity. The following expression
30

was developed by Flemings and Coble for the elimination of a pore of

size r under an isostatic pressure:

At = 2DLb r21 r (8]
2DL 'r00

or, because of complete pore elimination, r - Oand

kT 2
At = T r 2 (9]2D.Q o

where At = heat treatment time to remove a pore of radius ro, sec.

k = Boltzmann's constant, ergs/°Kx atom.

T = absolute heat-treatment temperature, °K.

DL = lattice diffusion coefficient, cm2/sec.

3
- atomic volume, cm

2o - applied normal stress (pressure), dyn/cm

Values adopted for these parameters were-

D L 3.2x10 - 10 cm 2/sec, using data fron, reference 31.

k = 10- 1 6 ergs/°Kx atom.

T - 1533 0K

-=10- 2 3 cm 3/atom.

r - 7xlO 4 cm.0
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It can be deduced from (9) that At is 98 min. for a pore radius of

7 microns. This is a maximum pore radius. On the average, a pore radius

in the treated specimens is approximately 2.7 microns which would then

necessitate 14 minutes for elimination. This is quite shorter than the

experimentally measured time of 1 hour. It can then be concluded that
30

the Coble et al model describes the elimination of microporosity

in a satisfactory way. One of the basic assumptions of the model is that

there Is one pore per grain, hence, that the interpore spacing is larger

than the average grain size. This assumption is valid in the present

case: Interpore spacir has been measured and found equal to 200 microns

and grain size equal to 36 microns.

In order to decide whether the pores disappear through high temperature

grain boundary sliding under the effect of pressure or through diffusion

of vacancies to grain boundaries, the following calculation was made:

The internal pressure necessary to create a pore is given by the

elasticity-plasticity theory as equal to: 32

2Y 2E -2rWHp - [ + 2---T-[101
p 3 3Y 27

where: it - tension, psi

Y - yield strength, psi

E - elastic, psi

H' a constant hardening rate

The same expression could logically be used to evaluate the pressure

necessary to close-up a pore, by such a mechanism as grain-boundary

sliding for example. The following values were adopted for low alloy

steel at about 1250C.
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Y = 35,000 psi

6
E = 21x06 psi

H' - 17,000 psi

Therefore, p - 175,000 psi which is much higher than the pressure used

during the present isostatic hot pressing. Thus, it can be concluded that

the porosity could not possibly be eliminated by closing of pores under

pressure through a mechanism such as grain boundary sliding. The most

probable mechanism for this elimination is the diffusion of vacancies to

grain boundaries.

Morphological Changes of Sulfide Inclusions

During homogenization all the different types of sulfide inclusions

coarsen into fairly consistent polyhedral shapes. The homogenization

times necessary to reach the polyhedral shape varies with the initial

sulfide morphology, and homo:;enization temperature. For example, dendritic

Type IV sulfides become polyhedral in shape after 150 hours at 1100C,

Figure 9, whereas Type I and II sulfides assume coarse polyhedral shapes

after 40 to 50 hours at 1315°C, Figures 6 and 7, respectively. The

observations on sheet-like FeS inclusions are in agreement with those
33

of Keh and Van Vlack 3

Changes in Size Distribution of Type II Sulfides

Results from ingot #2, containing Type II sulfides reveal that durinF

homogenization the average inclusion size increases with a parallel decrease

in the number of small size sulfide inclusions, leading to a reduction in

the total number of sulfide inclusions. The changes in size distribution

are essentially due to coarsening whose driving force is the reduction in

total sulfide-matrix interfacial energy.
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Coarsening kinetics have been studied by Lifshitz et al
35 36

Wagner Greenwood and other authors, using diffusion models

based on a variety of simplifying assumptions. Thus, for a diffusion-

controlled process the mean particle diameter may be expressed by:

3 - 3 Kt= --§64 t [ill
0 9 vRT

where: d - mean diameter of inclusion at time t

d - mean diameter of inclusion at time zero

K - coarsening rate constant

y - matrix-sulfide interfacial energy

C - equilibrium solubility of sulfur in the alloy

V - molar volume of MnS

D = rate controlling diffusion coefficicnt

v - factor depending on the stoichiometry of MnS

R - gas constant

T - absolute temperature

A plot of (r - r ) versus homogenization time is shown in Figure 33.

A linear relationship is obtained, thus indicating that coarsening of Type II

sulfides is probably diffusion controlled. From this analysis it is not

possible to determine whether the diffusion of manganese or that of sulfur

is rate controlling. It is likely that the diffusion of sulfur is rate-

solubility in iron. In fact, y-iron at 1335C dissolves no more than

0.046% sulfur 3  while the solubility of manganese at the same

temperature is about 3  402.A

Effect of Thermochemical Processing on Sulfide Inclusions

1. Shape of Sulfide Inclusions:

During homogenization of the cast material there is a gradual break-up

| w m . ..
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of Type II inclusions, spheroidization of the resulting segments and

finally transformation of spheroids into faceted Dolyhedral forms. Such

geometric changes have been reported earlier. The observed faceting of

sulfide inclusions may be caused by one or more of the following factors:

1) Preferred crystallographic growth of the sulfide in certain directions;

2) at the homogenization temperature the sulfide inclusions and the matrix

reach some kind of equilibrium shape which is preserved in the casting in

spite of the martensitic transformation of the matrix.

In the as-rolled condition there is a variety of inclusion morphologies.

Thus, it is observed that near the chill they are thin and elongated, where-

as away from the chill they are thicker and shorter. Obviously near the

chill plastic deformation of inclusions during hot-rolling has been more

extensive than away from the chill. This could presumably be attributed

to a variation in composition of inclusions depending on their position

with respect to the chill. These conclusions cannot be confirmed with

certainty because no microhardness measurements or electron microprobe

analysis have yet been conducted on inclusions. Indeed, it is expected

that electron microanalysis will establish the relative amounts of Mn,

Fe and other elements in the sulfide solid solution [Mn, Fe, X] S versus

distance frjm the chill.

The presence of hard oxide coreq or silicate& inside sulfide inclusions

can drastically effect their deformation behavior during rolliig. This

is illustrated in Figures 18b and c, where the black spots inside the

sulfides could be corundum (Al203) particles.

Type II sulfides deform more uniformly than Type III sulfides whose

orientation with respect to the rolling plane and rolling direction can
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often affect their final morphology after plastic deformation.

In the rolled-and-homogenized condition the elongated inclusions

break into segments which gradually spheroidize and finally assume faceted

forms, Figure 19. This mechanism is schematically illustrated in Figure

34.

2. Volume Percent of Sulfide Inclusions:

In the as-cast and in the rolled conditions it is observed that there

is an increase in the volume percent of sulfides close to the chill. This

increase could be attributed to some kind of inverse segregation or

possibly to the nonequilibrium nature of solidification, due to higher

cooling rates next to the chill.

The solubility of sulfur in the steel matrix is very limited, 8

hence during homogenization there can be no decrease in the amount of

precipitated sulfide. This is exactly what is observed.

The gradual break--up and transformation of Type II sulfide inclusion

into faceted "Type III" inclusions during homogenization of cast material

is clearly illustrated in Figure 22.

3. Number of Sulfide Inclusions Per Unit Volume of Matrix:

The number of sulfide inclusions per unit volume of matrix decreases

with homogenization time due to coarsening. It is known and will be

repeated in a subsequent chapter that rate of coarsening increases with

decreasing particle size. Hence, the observation madc in Figure 25 that

for shorter homogenization times the rate of coarsening is higher for

inclusions close to the chill than for those situated away from the chill;

Inclusions close to the chill are finer, Figure 29.
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In the rolled-and-homogenized condition there is an increase in N

followed by a decrease after a certain maximum has been reached. This

is in agreement with the observed break-up of elongated inclusions into

segments and their subsequent spheroidization and faceting. The maximum

itn N is higher for inclusions in specimens close to the chill, presumably

because after deformation these inclusions are thinner and longer and

can break into a larger number of segments.

4. Distribution of Inclusions:

In the as-rolled condition the fine elongated sulfide inclusions,

observed in specimens taken near the chill, are fairly randomly distributed

in the steel matrix, Figure 17a. In specimens taken away from the chill

sulfide inclusions are distributed in groups, Figure 17b. This could be

attributed to the coarseness of dendrites in these specimens. After

plastic deformation of these specimens inclusions which are interdendritic

would tend to group together.

In the rolled-and-homogenized condition faceted sulfide inclusions

tend to be grouped in lines in specimens taken near the chill. They tend

to be randomly distributed in specimens taken away from the chill. This

again could be explained on the basis of the break-up-spheroidization-

faceting mechanism described above.

5. Mean Overall Size Inclusions:

The mean overall size of sulfide inclusions increases with homo-

genization time due to coarsening. Figure 29 which is faster for finer

inclusions in specimens taken close to the chill.

The minimum in mean overall size observed in specimens which were
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rolled-and-homogenized should be explained again on the basis of the

break-up-spheroidization-faceting mechanism. Beyond this minimum coarsening

is responsible for the gradual increase in mean overall size of inclusions.

6. Sulfide-Matrix Interface Area Per Unit Volume of Sulfide:

The coarsening of inclusiens in the cast condition is responsible

for the observed decrease in S with homogenization time. Experimentalv

study of the time variations of S in rolled material has not yet been

completed, however, it is anticipated thatSv would decrease; the break

up of elongated inclusions into smaller does not necessarily imply an

increase in Sv

In order to more fully understand the operation of coarsening, a

coarsening model will be developed herein to describe coarsening kinetics

of sulfide inclusions during isothermal homogenization of steel. Coarsening

kinetics will be expressed as a time variation of the sulfide-matrix

interface area per unit volume of sulfide, S and of the number of

inclusions per unit volume, N.

Assume a system of N spherical inclusions of radii R., i%2 .

Ru,...R . The assumption of sphericity limits this analysis to cast

material only.

The general expression for the rate of change of the radius of a

sphere during coarsening may be written as: 3 6

dR i~l(2dR-I . 2DIaS 2 (4- -  
[12]

dt2 R
RTRp

whe2re D = diffusivity of solute in the solid, mm 2/sec.

M - molecular weight, gm/mole.

u - particle-matrix interface energy, cal/mm 2
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3I
S = solubility of solute in the matrix, gm/mm3

R a gas constant, cal/mole x*K

T - absolute temperature, OK

thRi  radius of i particle, mm

R - average radius of the particle population, mm

P - density of sulfide, gm/mm3

The radius of the sphere i, Ri, may be expressed versus time by:

Ri - Rio + - dt (131

where Rio - the initial radius of the i particle, mm.

t - time, sec.

Hence, from (12] and (13):

2DMoS 1 dRi  Ro+(- d t [14]

where : R and R are functions of time and all the other factors are
i

constant for an isothermal treatment.

Expression (131 may be approximated by:

tk dLR

Ri(t) - R + lim ik . tk (15]

~ dt

k OD t-o
R dRik

where: dt - calculated at the beginning of the kth time step
dt dt

Atk = length of kth time step, sec.

RA(t) radius of the i h particle at the end f the kth time step.
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From (12) and (15]:

tk

lia Y 2DMS 11 116]
Ri(t) - Rio + At- RTR ik Ri 't

k-+~
t-o

where: R, R.Iraverage radius of the population and radius of particle

i, respectively, at the beginning of the kth time step.

R. at the beginning of the kth time step has precisely the same value

as at the end of the (k-l) time step and the initial value of Ri, '-io , is

known. Thus, expression [16] can be evaluated by means of a digital com-

puter. More specifically: A system of n inclusions is assumed at time

t - 0, hence R and Rare known. At the end of the first step the new

distribution of particle radii can be deduced from [161, hence a new R, can

be calculated and so forth.

The surface-to-volume ratio of the system of particles Sv, may be

defined as:
n3

4Tr ri 3

Sv - [171

A4Ir ri3
4 3

i-l

k

At time t - t , Sv(t) is given by:

k-I

s (t) -(o) S (o) [181

-l

Where Sv = surface area per unit volume of inclusions, mm

S - total surface of particles in the system.
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Expression [18] is justified by the constance of volume of sulfides

during isothermal coarsening.

The number of particles versus volume is given by:

N(t) n Ut N(o)\n(o)

where: N(t) - number of particles per unit volume at time t

N(o) - number of particles per unit volume at time o

n " total number of particles in the system.

Metallographic examination of successive surfaces obtained by polish-

irg down a specimen taken at 0.50 inches from the chill has shown that a

typical size distribution would be the following: I

Number of Particles Radius, mm

5 0.005

5 0.0010

2 0.0015

1 0.0020

1 0.0025

1 0.0030

1 0.0035

1 0.0045

1 0.0055

1 0.0070 1

This distribution has been taken as initial distribution in this

coarsening analysis. The various parameters in expression (16] were

I
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-7 2
attributed the following values a - 1.20 x 10 cal/mn2, M - 87 gW/mole

-3 3
R - 2 cal/mole.*K, p - 3.99 x 10 SO/au , S - 0.003 gims/100 gms of steel -

0.234 x 10- 6 gm/m 3 , T - 1588*K and D - 7.5 x 10 - 6 ,m 2 /sec.

Figure 35 illustrates the analytical curve thus obtained. This curve

does not coincide with the experimental curve corresponding to five in-

clusions taken next to the chill. The discrepaucy is, nonetheless accept-

able, owing to the uncertainty of certain values of the parameters used

and to the assumptions on which the model was based.



-31-

V. CONCLUSIONS

1. Hot isostatic pressing of AISI 4340 low alloy steel wa6 found to sub-

stantially accelerate micropore elimination. Thus, after a 13 hr heat-

treatment at 1315*C the remaining volume percent microporosity is

0.005, after a 30 hr treatment it is reduced to 0.004. After a 1 hr hot

isostatic pressing at 1260 0C and 29,000 psi microporosity is completely

eliminated.

2. Types I, II, III and IV sulfides and sheet-like FeS inclusions coarsen

during homogenization treatment and finally assume compact polyhedral

shapes.

3. Study of coarsening kinetics indicated that coarsening of Type II

sulfides is probably controlled by the diffusion of sulfur.

4. In a unidrectionally solidified AISI 4340 low alloy steel ingot con-

taining nominally 0.1% sulfur the volume persent sulfides and the nuaber

of sulfide particles per unit volume of matrix slightly decrease with

distance from the chill, whereas their mean overall size increases.

Also, their deformability decreases with distance of the chill presumably

due to a compositional change.

5. During homogenization of cast material the volume percent sulfides

remains practically unchanged, whereas their morphology changes: Type

II inclusionsbreak-up into segments which spheroidize and become finally

faceted. Also, the numbers of inclusion per unit volume of matrix

decreases and their mean overall size increases with homogenization

time. A coarsening model waR introduced assuming spherical inclusions

and the variation of S with homogenization time was established.
V

Analytical predictions and experimental measurements of S agree
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reasonably well for short homogenization times up to about 50 hours.

6. During homogenization of rolled material there is practically no

change in volume percent of sulfide. The number of sulfides per unit

volume of matrix first increases, reaches a maximum and subsequently

decreases with increasing homogenization time. The mean overall size

of inclusions first decreases, reaches a minimum beyond which it

increases with increasing homogenization time. These results are

compatible with metallographic observations showing that the

plastically deformed, elongated sulfides break-up into small segments

which spheroidize with homogenization time and finally -" sume faceted

forms.
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TABLE II

SUMMARY OF THERMOMECHANICAL PROCESSING

CONDITION OF MATERIAL

As-cast Reduced 70% Reduced 85%

Specimen I* Specimen I Specimen I

II II II

III III III

IV IV IV

Specimen I Specimen I Specimen I
In

1-4 0

on iII Ii II

SIII III III

IV IV IV

Specimen I Specimen I Specimen I

II II II

IAIII III III

IV IV IV

Specimen I Specimen I Specimen I

SII II II

oIII III III

IV IV IV

*Specimen I was taken 0.505 inches from the chill

Specimen II was taken 1.54 inches from the chill

Specimen III was taken 2.8 inches from the chill

Specimen IV was taken 4.2 inches from the chill

. . . iIiI I. . . : r
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Figure 6. Photumicrographs illustrating the effect of homogenization
treatment at 1315%C on Type I sulfides, 1230X. Specimens
taken from Ingot H-1l at 2.5 cm from chill. (a) As-cast
material, (b), (c), and (d) material homogenized for 10,
20, and 50 hours, respectively.
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Figure 18. Photomicrographs of cast-and-rolled AISI 4340
unidirectionally solidified low alloy steel.
Reducticn 70%. 800X. (a) 1.54 inches from chill,
(b) and (c) 2.8 inches from chill.
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Figure 22. Volume percent suifide3, Type III, versus distance from
the chill. AISI 4340 unidirectionally solidified low
alloy steel. As-cast and cast-and-homogenized specimen
at 1315%C for 20, 50 and 100 hours.
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Figure 23. Volume percent sulfides versus distance from the chill.
AISI 4340 unidirectionally solidified low alloy steel.
As-rolled (70% reduction) and rolled-and-homogenized
specimens at 1315C for 20, 50 and 100 hours.
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DIRECTION OF DIFFUSION OF SULFUR

Figure 34. Geometric transformation of elongated sulfide
inclusiuns during homogenization of hot-rolled
AISI 4340 low alloy steel. Schematic
representation.
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