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SUMEMRY

The overall goal of this program is to establish quantitiative processing-
microstructure-property relationships in powder metallurgy tool steels.
Powders of T15 and Rex 25 have been gas atomized and screened to specific
particle size fractions to provide a spectrum of solidification rates,
including the rapid solidification regime. Powders were then consolidated
to full density by hot isostatic pressing. Atomized, annealed and consoli-
dated powders of T15 have been characterized by means of optical and
electron microscopy, x-ray diffraction and hardness. To-date) a limited
characterization of TI5 after consolidation and heat-treatment has been
accomplished. Similar studies have been initiated on the cobalt-free
Rex 25 tool steel.

Cubic and hexagonal MC carbides in the form of interconnected networks
are present in each size fraction of atomized powder. Carbide size decreases
and particle hardness increases with decreasing particle size. The dependence
of particle hardness on particle size is understood in terms of cooling rate,
solid solution strengthening, the constituents and scale of the matrix and
carbides, and the partitioning of alloying elements between matrix and
carbides. After hot isostatic pressing, carbides are in the form of
individual particles; three carbides have been identified namely cubic
MC, cubic M6C and cubic M23C6 in a matrix of a-ferrite. Carbide size
increases as the isostatic pressing temperature increases and this results
in a decrease in the hardness of the tool steel. For a given consolidation
temperature, hardness is relatively independent of prior particle size
fraction.

Properties and performance will be assessed in terms of bend strength,
C-notch impact, wear, grindability, life and dimensional control during
heat-treatment.



1. INTRODUCTION

Over the past decade, significant progress has been made on new processes

for making fully-dense, high-performance materials by powder metallurgy (P/M).

In several cases, P/M processing is now a preferred alternative to conventional

ingot metallurgy (I/) practice. Examples include hot isostatically pressed

(HIP), HIP and hot forged, or isothermally forged superalloy gas turbine discs,

extruded or hot forged high-strength aluminum alloys for aerospace structures,

HIP or HIP and hot-worked high speed tool steels and powder forgings of low

and medium alloy steels for load-bearing automotive components. Inherent

advantages in P/M processing include a high materials utilization factor,

fine scale microstructures, chemical homogeneity and alloying flexibility.

In the more highly alloyed compositions, it is frequently impossible to

process the material by conventional ingot metallurgy approaches involving

casting and working operations.

Successful development of high-performance P/M processing technology has

been vested primarily in improvements in powder making and consolidation.

Alloys are usually prepared by atomization since this approach offers a better

control on powder size, shape, chemistry and purity than chemical or electrolytic

methods of production. Commercial techniques are gas or water atomization,

soluble gas (vacuum) atomization and the rotating electrode process. Primary

consolidation techniques for these structural powder alloys include direct

compaction (e.g. hot isostatic pressing (HIP), the working of a powder

preform (e.g. powder forging, extrusion), or a combination of the above.

Integral to advances in atomization is the new technology of rapid solidi-

fication rate processing (RSR). RSR is a generic term that refers to

particulate production such that high cooling rates are achieved, typically

' 10 4 'K/s. Such cooling rates result in reduced microsegregation, elimination
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of low incipient melt temperatures and ultra-fine microstructures. The

implications of RSR processing are currently being examined in several alloy

development programs for aluminum alloys, superalloys and specialty steels.

The goal of this basic research program is to establish detailed and

quantitative processing - microstructure - property relationships in two

P/M tool steels (T5 and Rex 25) in which particle cooling rate is a primary

variable. A schematic of the overall program is given in Figure 1. Gas

atomized powders of both T15 and Rex 25 have been made and screened to specific

particle size fractions to provide a spectrum of powder particle solidification

rates, including the rapid solidification regime. Screened powders were then

consolidated to full density by hot isostatic pressing. To date, atomized,

annealed and consolidated powders of T15 have been characterized by means of

optical, scanning and transmission electron microscopy as well as by x-ray

diffraction using diffractometer and Debye-Scherrer techniques. Microhardness

measurements were also made on these powders. Hot iostatically pressed

compacts have been similarly characterized. HIPed and heat-treated samples

have been characterized to a limited extent in terms of their microstructure

and hardness. Similar studies have recently been initiated on the Rex 25

P/M tool steel.

-2-



I. BACKGROUND

1. Powder Metallurgy (P/M) Tool Steels

Much of the work reported on high alloy P/M ferrous materials

pertains to tool steels. Commercial practice involves gas atomization

(nitrogen or oxygen) and consolidation by HIP (1,2). Compositions available

include: M2S, Ml, M3, M4, M7, M7S, M41, M42, M43S, T15 and M50.

These P/M tool steels exhibit a degree of alloy homogeneity and a

fineness/uniformity of carbide dispersion that is significantly better than

that achieved in the counterpart I/H tool steels and this gives rise to

increased tool life (by a factor A,2.5). Impact resistance and bend strength

are also higher in the P/H processed tool steels. Other advantages of the

P/M materials compared to I/M tool steels include shorter austenitizing

times and a smaller out-of-roundness change during hardening.

Only a limited number of studies have been reported on the RSR processing

of high alloy ferrous compositions. High-sulphur 303 stainless steel RSR

powder exhibited significantly refined microstructures and microchemistries

(1). These beneficial characteristics were retained during consolidation by

hot extrusion. Fe-9Ni-4Co and Fe-2Mo consolidated from RSR powder exhibited a

remarkable resistance to high-temperature grain coarsening (2). This was

attributed to a fine-scale distribution of sulphides at prior powder particle

boundaries.

Strutt (3) surface melted M2 tool steel by electron beam heating and

achieved solidification rates n5 x 105"K/s. The prior melted zone contained

6 - ferrite and fine-scale martensite which gave extremely high hardnessoe

(1100 VHN) on tempering compared to I/M material (850 VHN).

Rayment and Cantor (4) examined the as-quenched structure and hardness

of a series of rapidly solidified iron-tungsten-carbon alloys ranging from
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6 to 23 pct. tungsten with a constant WtC atomic ratio of 2:1. Similar studies

were made nn Ti high speed tool steels. Significant changes in microstructure

and hardness were observed as the tungsten and carbon content increased. A

change in structure from lath martensite to one consisting of 8-ferrite cells

surrounded by austenite and M C carbide was observed with increasing tungsten
6

content. After rapid solidification, the iron-tungsten-carbon alloys which

were martensitic had a hardness of 700 kg/ 2 , whereas those containing 8-

ferrite had a hardness between 1050 and 1100 kg/m, 2 . It was observed that the

as-quenched microstructure of the rapidly solidified steels was extremely

sensitive to cooling rate. At cooling rates of 108 K/s, the structure was

essentially all 6-ferrite. At cooling rates between 108 and 107 K/s, 6-

ferrite cells were retained down to room temperature but were surrounded by

regions of austenite and carbide (M 6C or M 2C). At lower cooling rates (1 105

K/a), little 6-ferrite was retained; the microstructure was austenitic with

possibly some martensite. As the cooling rate reached that characteristic

of bulk ingots (i.e. <103 K/s) the microstructure became predominantly

martensitic. There was a small amount of retained austenite with a significant

level of as-solidified carbides.

2. Ingot Metallurzy (I/M) Tool Steels

The microstructures and properties of conventionally processed high

speed tool steels have been documented extensively. This information provides

a base-line comparison for the current evaluation of P/M tool steels. Pertinent

studies are summarized below.

Blickvede, Cohen and Roberts (5) examined a 6% tungsten, 5Z molybdenum,

42 chromium high speed steel as a function of vanadium and carbon content, and

as-:& function of heat-treatment temperature. Four non-matrix phases were

found in the annealed and quenched conditions: M - a complex
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tungsten-molybdenum rich carbide; M23C6 - a chromium rich carbide; MC (or

M4 C3 ) - a vanadium rich carbide; M3 R2 - essentially an iron-tungsten,

molybdenum intermetallic compound. In the annealed condition, vanadium

additions at any given carbon level promoted the formation of MC, causing the

disappearance of M23C6 followed by M6C. The compound M 3R2 dissolved readily

in the ferrite on heating, and since it carried no carbon with it to offset

the influence of the ferrite-forming elements, the steels containing M3R2

could not be austenitized or quench-hardened. Among the carbides, M23C 6

dissolved completely on heating, M6C partially but M hardly at all. The

solution of M23C6 supplied sufficient carbon to austenitize the matrix and

hence made it amenable to hardening.

Kayser and Cohen (6) examined several high-tungsten tool steels (T1, T2,

T4, T15) and high-molybdenum tool steels (410, Ml, M2, M4). Each of the

eight grades of high speed steel contained three carbide phases: M6C - a

tungsten-molybdenum-rich carbide, "23C6 - a chromium-rich carbide and MC -

a vanadium-rich carbide. As a group, the tungsten grades contained larger

percentages of carbides, both by weight and volume, than did the molybdenum-

bearing grades. This was particularly true in the commercially hardened con-

dition. The M6 C carbides usually predominated, but in the high carbon, high

vanadium steels, the volume fraction of the MC carbides was equal to or higher

than that of M6 C. In the annealed condition, all the steels contained ".10%

3 C6 by volume; however, this carbide went into solution well below the usual

hardening temperatures. M6C and MC were partially disqolved during commercial

austenitizing. Commercially hardened T15 was found to contain about 4Z M6C

and 8% MC by volume, while T1 in a similar condition contained 0.3Z MC and about

10% M6C by volume. Except for chromium (and cobalt, if present), the bulk of

the alloying elements in the annealed steels occurred in the carbide phases.
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Goldschmidt (7) carried out elaborate x-ray investigations on filings and

carbides extracted from high-speed 18-4-1 type steels. Apart from the austenite-

to-martensite transformation, a variety of changes in carbide structure occurred

on hardening and tempering and with varying alloying content. The n carbide

(H6C (Fe4W 2C/Fe3 3 C)) was always predominant and frequently was the only

carbide present; however, additional compounds formed were: (a) the K carbide

(M2 3C6  - (Cr, Fe, W, Mo) 23C6 ); (b) an iron-tungsten intermetallic compound

'; (c) a transitory precipitate between n and K, revealed only after

restricted tempering conditions; (d) a carbide V4C 3 with a rock salt structure,

which occurred only if the steel was vanadium rich, lesser amounts of vanadium

(and of chromium) entering n and K. Internal changes in lattice parameter

occurred within the n carbide. A new 1-carbide (n*) of greatly contracted

cube edge was observed, which was formed with the simultaneous liberation of

tungsten. The partitioning of alloying elements between the matrix and carbides

varied with heat treatment; cobalt, for example, was observed initially (i.e.,

after hardening and light tempering) to reside entirely in the austenite and

martensite, but on prolonged tempering it migrated partially into the carbide.

Similar work by Malkiewicz et al. (8) on two grades of high speed steel,

18-4-1 and 9-4-2, showed that the predominant carbide in both types of steel

was M6C which differed in chemical composition according to the type of

steel. The presence of M C M C and MC carbides was established. M C andprsnc 23 6 , 7C3 M23 6

both chromium-rich carbides, dissolved during austenitizing up to

II00C. Extensive solution of tungsten and vanadium in the matrix began

at about 1200'C.

Thus, excess carbides exert a direct influence on the properties of

high speed steel: In addition, they govern the composition of the matrix through
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the degree of solution effected by the auetenitizing 
treatment. Consequently,

the hardening and tempering characteristics 
of the steel are influenced by

the structure, stoichiometry, solubility and 
stability of the carbides.
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III. PROCEDURE

1. Powder Production

Heats of T15 and Rex 25 high speed tool steels have been atomized

at the Materials Research Center, Crucible Inc. The allay charge was melted

in a. nitrogen atmosphere and nitrogen gas atomized. Powder was collected

in liquid nitrogen at the base of the atomizing unit.

Chemical analyses of the two batches of powder are summarized in Table I.

Typical compositions for corresponding commercial alloy powders and the ingot

metallurgy counterpart are included in Table I for purposes of comparison.

The levels of the alloying elements in the powders atomized for this research

program are similar to those in the commercial Crucible Particulate Metallurgy

T15 and Rex 25 tool steels. The four powder size fractions selected for study

are listed in Table 11.

2. Powder Characterization

Initially, Tl5 powders corresponding to the four different size

fractions listed in Table III were characterized both in the as-atomlzed

condition and after annealing at 1125*C (2060*F) for 30 minutes. These size

fractions are not identical to those used subsequently in the major part of

the study; however, they provide a broader size range survey than those

listed in Table I. Powder annealing at 1125*C (2060*F) was carried out in

a regular box furnace. Atmosphere control was achieved by wrapping the tool

steel powders in Sen/Pak heat treating containers. Powders in the atomized

as well as in the annealed condition were characterized in terms of their

microstructure, microhardness and the phases present.

a. Atomized Powders

Each of the two powders (T15 and Rex 25) in the four size

ranges listed in Table III was examined by SEM in order to obtain an initial
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appreciation for overall powder shape and surface condition.

Optical microscopy on mounted, polished and etched powders proved

unsatisfactory due to an inability to resolve the extremely fine scale

structure inherent in the four size fractions of powder particles. To

achieve higher resolution, conventional two-step replicas were prepared

from the polished and etched powder particle surfaces. These replicas were

examined by TEK in a JEM 120 microscope.

Microhardness measurements were made on the atomized powders using

standard techniques.

X-ray diffraction (Debye-Scherrer method) was used to evaluate the

phases present in the atomized powders using chromium radiation. The use of

a vanadium oxide filter significantly reduced the intensity of theK

radiation. The presence of iron in the sample resulted in the choice of

chromium as the target material; this minimized fogging of the film. However,

the presence of tungsten (L lines of tungsten) also posed a problem in terms

of a high level of fogging of the film. Finally, the strain induced in the

structure due to the high cooling rates caused an increase in the level of

background radiation. The diffraction patterns thus obtained were used

primarily to evaluate the matrix phase.

Subsequently, powders corresponding to each of the four size fractions

were treated with an 81 bromine methanol solution in order to dissolve away

the matrix. The residue, consisting of the excess phases, was examined by

x-ray diffraction, as described above.

b. Annealed Powders

Powders were annealed at 1125% (2060"F) for 30 minutes. Samples

from each of the four size fractions (Table 111) were then characterized by

electron microscopy (TEM of replicas) and x-ray diffraction.



3. Powder Consolidation

Small bar samples (l" x 6" (25.4 mm x 152.4 m)) of each alloy in

each of the four powder size ranges (Table II) were hot outgassed, sealed and

hot-isostatically pressed at U95*C (2185PF) or l130"C (2065*F). The former

is the standard temperature used by Crucible Inc. for commercial P/M high-speed

tools teels. The lower temperature was used as a possible means for grain size

control during densification in the HIP cycle. This yielded a matrix of eight

samples for each composition, i.e. four size fractions and two HIP temperatures.

The purpose of the small samples was to verify that HIP consolidation had

brought about complete densification. Subsequently, larger compacts [4"(101.6 mm)

diameter x i"(279.4 mm) length] will be produced by HIPing of the bulk of the

powder. Each of the small bar samples has been cut in half for purposes of

imicrostructural characterization and preliminary examination of heat-treatment

response. The system of coding used is given in Table IV.

4. Characterization of the HIPed Material

Each of the eight T15 samples was mounted, polished and etched using

Kalling's Reagent. Two-stage carbon replicas of the samples were prepared and

examined by TEM. Rockwell hardness measurements were carried out on each of

the eight samples.

X-ray diffraction patterns were obtained using diffractometry and the

Debye-Scharer technique. The former was used essentially to evaluate the

matrix phase. The Debye-Scherrer method was used to identify the excess phases.

To this end, isolation of the carbides from the consolidated material was

achieved by electrolytic extraction. Details of the extraction technique

have been documented elsewhere (9). This procedure was followed for each of

the eight TIS compacts.

-10-
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5. Heat Treatment of the Consolidated Material

A study of the heat treatment response of material cut from the

small HIP bars (T15) has been initiated. Two austenitizing temperatures,

1176*C (2150*F) and 1226*C (2240*F), were selected. Samples were preheated

at 8150C (1500*F). The samples were heated to the austenitizing temperature

and held at temperature for four minutes before oil quenching. Three tempering

temperatures were selected (538*C (1000*F), 552C (1025*F) and 565C (1050*F)).

A coding system for the various processing treatments is given in Table IV.

6. Characterization of the Heat-Treated Material

The heat treatment schedule yielded a matrix of forty-eight samples

(8 HIPed samples x 2 austenitizing temperatures x 3 tempering temperatures)

per composition, each of which had been subjected to a specific heat treating

sequence. To date, selected samples from thismatrix have been characterized

in terms of microstructures and hardness. Further microstructural characteri-

zation will be made using TEM and x-ray diffraction. A similar study will

then be carried out on the Rex 25 P/M tool steel.

-11-



IV. RESULTS

1. Atomized Powders

To obtain an initial appreciation for overall powder shape and

surface condition, atomized powder (T15) in the four size ranges (Table III)

was examined by SEM. Representative SEM micrographs are shown in Figures 2(a),
2(b) and 2(c). Particles are genegly spherical in shape with relatively

smooth surfaces. At each size fraction, small satellites are present

attached to the main powder particles.

Representative TEN micrographs of two step replicas prepared from three

size fractions of atomized powder are compared in Figures 3(a), 3(b) and 3(c).

It is seen that the carbides (major phase) are in the form of an interconnected

network, rather than as discrete particles. The size of these carbides decreases

with decreasing particle size.

Identification of the matrix by x-ray diffraction is not yet complete.

The presence of a high level of background radiation, line broadening due to

lattice strains and overlapping of lines corresponding to matrix phase(s) and

excess phases have hindered unambiguous identification. Efforts are now being

made to prepare thin foils for TEM in the conventional diffraction contrast

mode.

Debye-Scherrer diffraction patterns of the excess phase residue from each

of the four size fractious are consistent with MC-type carbides. Two types of

MC carbide were identified, namely a cubic anda hexagmal form. Lattice

parameters were determined in each case, Table V; the lattice parameters are

plotted as a function of particle size in Figure 4.

Microhardness data for the atomized powder are presented in Figure 5.

Hardness increases with decreasing particle size.

-12-
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2. Annealed Powders

Representative TEK micrographs of two step replicas prepared from

annealed powder corresponding to the coarsest and finest-size fractions are

illustrated in Figures 6(a) and 6(b) respectively. These micrographs show

that after annealing, the carbides exist as individual particles. The

carbides are finer in the -400 mesh powder than in the -10+20 size fraction.

X-ray diffraction analysis of the annealed powder shows that in each size

fraction the matrix is %-ferrite. The variation of the lattice parameter of

the a-ferrite matrix with particle size is given in Figure 7.

X-ray diffraction analysis of material extracted from the matrix shows that

the phases present are cubic MC and cubic M 6C-type carbides. These were found

to be a comn feature in each of the four size fractions evaluated. The

variation of carbide lattice parameters with powder particle size is plotted

in Figure 7. In addition, it was observed that the diffraction pattern from

the coarsest size fraction showed a trace of hexagonal y-MC. The phases

present in the annealed powder and the corresponding lattice parameter values

are sumarized in Table VI.

For a given powder size fraction, the particle hardness is lowered by

annealing. The decrease is larger for the -400 mesh fraction compared to the

-10+20 fraction. From Figure 8 it is seen that the lowest hardness v'alues

occur at the intermediate size fractions.

3. Consolidated Material

TEM micrographs of two-step replicas of the consolidated samples

corresponding to the coarsest and finest size fractions are shown in Figures 9(a),

9(b), 10(a) and 10(b). Figures 11(a) and 11(b) are TEM micrographs of HlPed

samples obtained from a -20 mesh blend. In all cases, it is seen that the

carbides are coarser following the higher consolidation temperature. Also,

for a particular consolidation temperature, the carbides are approximately the



same size in the coarsest and finest size fractious. Figure 9(b),which is a

micrograph of a sample corresponding to the coarsest size fraction HIPed at

the higher of the two temperatures, shows three different types of carbides:

(i) a blocky (massive) type, (ii) a small globular type, and (iii) strands or

ribbons. These features are also evident in Figures 10(b) and 11(b) which

represent the finest size fraction and the commercial blend (-20 mesh)

respectively. Both powders were HIPed at the higher temperature. In the

case of powder consolidated at the lower temperature, these features are

present but are not as pronounced (Figures 9(a), 10(a) and 11(a)).

From x-ray diffraction analysis, it was found that in all cases the matrix

of the HIPed material was a-ferrite. Lattice parameter data for the a-ferrite

are given in Table VII. In each of the eight conditions (two HIP temperatures

and four size fractions) Debye-Scherrer analysis of the material extracted

from the matrix confirmed the presence of three phases: cubic HC carbide

(usually vanadium-rich); cubic M6C carbide (usually iron-tungsten rich) and

cubic M23C6 (usually chromium-rich). Lattice parameters were determined and

values are listed in Table VIII.

Hardness measurements on the consolidated samples show that for each

consolidation temperature, hardness variation with particle size fraction is

minimal. However, the hardness of the samples BIPed at the lower temperature

is on the average higher than that for samples HIPed at the higher temperature

(Table IX).

4. Consolidated and Heat-Treated Material

To date a limited number of heat-treated samples have been examined.

Figures 12(a) and 12(b) are optical micrographs of oil-quenched samples; both

correspond to the finest size fraction and the lower of the two HIPing

temperature. The austenitizing temperatures were 1176*C (2150*7) and 1226*C

(2240*7), respectively. Prior austenite grain boundaries are evident and it

-14-
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is clear that the austenitizing temperature has a strong influence on grain

size. Carbides are present within the grains and at grain boundaries. In

comparison, corresponding optical micrographs for the coarsest size fraction

and the lover of the two HIPing temperatures are shown in Figures 13(a) and

13(b). Again, the grain size is much larger following austenitizatlon at

the higher temperature. However, comparing Figures 12(a) and 13(a) and

Figures 12(b) and 13(b), it is evident that grain size is relatively insensitive

to the prior particle size fraction.

Representative TEM micrographs of the ft7PP and heat treated material

consolidated from the (-20+60) size f-tac ,, i- compared in Figures 14(a),

14(b), 14(c) and 14(d). These micrtgt- 3 .-Atcain to the lover HIPing

temperature (1130C (2065°F))and lnv7e w:%p nitizing temperature (1176C (2150°F)).

It is seen that cr-bide size increases with lacreasing tempering temperature.

The appearance of the matrix is diffe*±nt in Figure 14(a) than in Figures 14(b),

14(c) and 14(d). Figures 15(a), 15(b), 15(c) and 15(d) are microstructures of

material HIPed at the same temperature (1130C (2065°F)) except that the austeni-

tizing temperature was 1226°C (22400F). Again, it is seen that there is a gradual

increase in carbide size with increasing tempering temperature. Comparison of

Figure 14(a) with Figure 15(a) or Figure 14(d) with Figure 15(d) shows that the

difference in carbide size as a consequence of the higher austenitizing

temperature is minimal.

TED micrographs of HIPed and heat-treated material corresponding to the

-325 mesh size fraction are shown in Figures 16(a), 16(b), 16(c) and 16(d) and

Figures 17(a), 17(b), 17(c) and 17(d). These samples were all hot isostatically

pressed at 11300C (2065°F) and subsequently heat-treated. Here, too, all of

the above observations are repeated. A comparison of Figure 14(a) with Figure

16(a) and Figure 15(a) with Figure 17(a) shows that the prior particle size

has little influence on carbide size. Similar c.nclusions are drawn from a
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comparison of Figure 14(c) and Figure 15(c) with Figure 16(c) and Figure

17(c), respectively.

Hardness measurements of the heat-treated samples are given in Table X.

For compacts pressed at 11300C (2065*F) from the -20+60 size fraction and

subsequently heat-treated, the austenitizing temperature influences the

hardness response of the tempered material. It can be seen, in Figure 18,

that for samples austenitized at 1176*C (2150*F), the quenched hardness is

higher than the quenched and tempered hardness; also hardness decreases with

increasing tempering temperature. However, for the material austenitized at

1226*C (2240*F), the as-quenched hardness is lower than the value obtained

after tempering at 538*C (1000*F), Figure 18. Here, too, the hardness

decreases with increasing tempering temperature.

Similar measurements were made on the heat-treated material from the

finest size fraction. In this case, for samples austenitized at 1176°C

(2150*F) and 1226*C (2240*F), the hardness response was similar. Here,

the as-quenched hardness is higher than the quenched and tempered value;

however, hardness increases and then decreases with increasing tempering

temperature (Table X, Figure 18).
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V. DISCUSSION

1. Atomized Powders

The microhardness of the powders in the atomized condition increases

with decreasing particle size, Figure 5. This behavior can be attributed to

the following factors: (i) cooling rate, (ii) solid solution strengthening,

(iii) size and nature of the matrix and carbide phases. Figures 3(a), 3(b)

and 3(c) show that with a decrease in particle size, there is a decrease in

the size and amount of carbides. In the case of the -400 mesh size fraction,car-

bides are not resolved,at magnifications up to 7000X. This would imply that

the major portion of the alloying elements is in solid solution in the matrix.

The finer the size of the particle, the higher is the cooling rate. With

increase in cooling rate, increasing amounts of 5-ferrite can be retained in the

matrix. This increases the matrix hardness because 6-ferrite is known to be

harder than martensite(4). This also results in increased hardness. Finally, the

finer nature of the carbides, and possibly a finer matrix grain size, can cause

an increase in hardness.

Figure 4 is a plot of lattice parameter as a function of particle size

for the excess phases MC and y-MC. Both of these carbides are vanadium-rich.

MC carbide has an fcc structure, while y-MC has a hexagonal structure. The

prototype of the MC carbide is V4C3 while that for y-MC is VC. Also given in

Figure 4 are the c/a values for each size fraction. Table XI gives the atomic

radius of all the major elements present in T15 tool steels.

The lattice parameter for cubic MC carbide increases with increasing

particle size, Figure 4. The ao value for the -400 mesh powder is very close

to the a value of pure vanadium carbide (V4C3). This implies that the MC

carbides in this size fraction must be vanadium-rich with a small percentage

of the alloying elements replacing vanadium. This is expected because vanadium
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is the strongest carbide-former of all the alloying elements present in the

powders. At the extremely high cooling rates required to produce this fine

size fraction (-400 mash), diffusion is limited, therefore the matrix is

supersaturated. Those arguments also hold true In the case of the hexagonal

y-MC carbide. Figure 4 shows that the c0 value for the -400 mesh powders is

slightly higher than chat for pure y-VC. This would imply limited diffusion

of W Into the lattice replacing vanadium, Table XI With an increase in

particle size (and an associated decrease In cooling rate), it is seen that

the lattice parameter increases. This is due to the partitioning of the

elements present. The extent of partitioning is yet to be determined

accurately. However, the increase in lattice parameter suggests that more and

more tungsten (next to vanadiu, in strength as a carbide-former) enters the

MC and y-MC type carbides. This is due to the slower and slower cooling rates

with increasing particle size. This behavior also ties in with Figure 5

which is a plot of microhardness as a function of particle size. As more

and more of the tungsten. cose out of the matrix, the microbardness

decreases. This is due to the difference in the atomic radii of tungsten and

iron which causes lattice strain in the matrix, Table X. Of interest is the

fact that the co/ao ratio remains essentially constant for all size fractions.

2. Annealed Powders

For the annealed powders, microhardness as a function of particle

size is shown in Figure 8. It is seen that microhardness decreases, then

increases with Increasing particle size. This behavior 1 possibly due to

the fact that for the coarsest size fraction, the powder was not fully annealed.

This statement can be further substantiated by the fact that traces of mete-

stable y-MC were detected in the -10+20 size fraction. Comparing Figures 8 and

5, it Is seen that in aLl cases the microhurdness decreases on annealing. This
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behavior is due to the combined effect of the following features: (i) reduction

in lattice strain, (ii) change in the size and shape of the excess phases,

Figures 6(a) and 6(b), (iii) dissolution of the hard hexagonal metastable y-MC,

(iv) more alloying elements entering the excess phases, (v) change of the matrix

from martensite or 6-ferrite to a-ferrite, and (vi) more carbon moving out of

the matrix in order to form new stable carbides. However, although the hardness

values are lower in comparison to the atomized powders, on an absolute scale,

they are still high. This is due to the precipitation of new carbides on a

fine scale. A comparison of Figures 5 and 8 also shows that the change in

microhardness before and after annealing is higher in the coarser size fractions.

This is possibly due to the coarser carbides in the case of the higher size

fractions.

Lattice parameters of a-ferrite, MC carbide and M6C carbides as a function

of particle size in the annealed powders have been plotted in Figure 7.

A 6C is an Fe3W3C - Fe4W2C type carbide. The average lattice parameter of
0 0

Fe3W3C - Fe4W2C is 11.04 A. The -400 mesh powder has aM 6C - 11.056 A. This

is a small increase over the 'a' value for Fe 3 W3 C - Fe 4 W2 C. This would imply

that the iron in M6C is partially replaced by an element of larger atomic radius

such as chromium or vanadium. On annealing the -400 mesh powder, y-MC goes into

solution, and M6C precipitates. y-MC (400 mesh) had mostly vanadium but some

tungsten in it. Thus, most of the vanadium which comes out of y-MC as well as

most of the tungsten in the matrix (in the atomized condition) precipitate out

as M6C. The appreciable increase in aic in the annealed condition over amc in

the atomized condition implies that some of the tungsten has gone into the MC

carbides. Some of the iron in the matrix goes into M6C, and chromium takes its

place causing the small increase in the lattice parameter of a-ferrite over that

of pure %-iron. This increase can also be partially due to the carbon present in

the matrix.
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For the -200+230 size fraction, the MC carbides exhibit the same lattice

parameter before and after annealing, cf. Figures 4 and 7. The y-MC in the

atomized condition for this size fraction is richer in tungsten than for the

-400 mesh size. This means on dissolution of y-MC, more tungsten and less

vanadium enters the matrix compared to the -400 mesh size fraction. However,

thbe amount of carbon available is fixed. Some of the tungsten stays in the

matrix causing an appreciable increase in the lattice parameter of the matrix

over the -400 mesh. The reason for this is probably the stronger tendency of

vanadium over tungsten to form carbides.

For the -40+45 mesh size, the situation is similar except that there is

an appreciable increase in the lattice parameter of M 6C. This is possibly due

to the iron in M 6 C being displaced by more chromium and vanadium from the

matrix and simultaneously resulting in a small decrease in the lattice parameter

of the matrix. In addition, the decrease in the lattice parameter of MC (annealed)

over MC (atomized) causes the liberation of some tungsten which goes into the

matrix and offsets the effect of chromium and vanadium leaving the matrix.

In the case of the -10+20 size fraction, the presence of traces of y-HC

depletes the matrix of WJ and V to a greater extent than in the other size fractions,

resulting in a decrease in a 0of the matrix. A decrease in the availability of

tungsten also causes an increase of chromium and vanadium in M 6C, causing a

decrease in the lattice parameter. This effect is evidenced to a lesser extent

in MC carbides.

Theme explanations must be considered somewhat speculative at this time due

to insufficient quantitative data. The main objective has been to attempt an

explanation consistent with all the observed data.
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3. Consolidated Material

For a particular HIPing temperature, the hardness is approximately

the same for the different size fractions, as well as for a comercial blend.

However, it is lower for a higher HIPing temperature, Table IX. This is due

to the coarsening of the excess phases, Figures 9(a), 9(b), 10(a), 10(b), ,l14a)

and 11(b).

For both HIPing temperatures, the phases present are a-ferrite and MC,

M6C and M23C6 carbides. In the case of a-ferrite, the lattice parameters are

approximately the same for all size fractions, Table VII. Lattice parameters

for the MC, M6C and M23C6 also behave in a similar manner, Table VIII. The

small variations in the lattice parameter values could possibly be due to

experimental error.

4. Heat Treated Material

Hardness measurements on the heat treated samples have been plotted

as a function of the tempering temperature as well as the austenitizing

temperature in Figure 18. For either size fraction, hardness in the as-

quenched condition is higher for the lower of the two austanitizing

temperatures. Two features contribute to this behavior: (i the finer

grain size obtained by austenitizing at a lower temperature, (ii) a lesier

amount of the hard excess phases going into solution at the lower austenitizizg

temperature. However, a third feature, namely the extent of solid solution

strengthening is lower at the lower austenitizing temperature. For a particular

tempering temperature, the hardness is higher for the sample austenitized at

the higher of the two temperatures 12265C (224007); 11765C (2150"F). This

behavior is attributed to the precipitation of new carbides. 'When samples are

austenitized at the higher of the two temperatures, there is a greater degree

of carbide-dissolution. On quenching, these samples exhibit a greater
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deviation from equilibrium in terms of carbon supersaturation. Therefore,

when tempered, they precipitate carbides more readily than do samples

austenitized at the lower temperature.

For the -325 mesh size, hardness decreases, then increases and again

decreases on tempering. The secondary hardening peak is possibly associated

with the precipitation of new carbides; Figure 18. With increasing tempering

temperature, the precipitates coarsen, and the hardness decreases. The coarsest

size fraction, austenitized at 1176C (2150*F), exhibits a continuous decrease

in hardness with increasing tempering temperature. In comparison, a similar

sample austenitized at 12260C (2240*F) exhibits an initial increase in hardness

before decreasing with increasing tempering temperature. This behavior can be

attributed to the increased degree of carbide dissolution at the higher

temperature and therefore a greater level of supersaturation in the quenched

structure. Therefore, on tempering, carbide precipitation is enhanced,

resulting in an increase in hardness.
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VI. FUTURE WORK

Future work on powders will icnlude TEM (diffraction contrast) and

STEM (microchemistries). STEM will also be employed to examine composition

profiles in carbides estracted from HIPed and HIPed and heat-treated material.

Further x-ray studies, hardness determinations and TEM of replicas will be

carried out on HIPed and heat-treated material.

Larger compacts have been HIPed and will be forged to selected deforma-

tion levels. Studies as described above will then be made on the consolidated

and forged material in order to assess the effects of deformation processing

on structure.

In the second year of this research program, a property evaluation will

be initiated. This will include:

(i) Bend strength

(ii) C-notch impact

(iii) Wear

(iv) Grindability

(v) Life

(vi) Dimensional stability

Work on the Rex 25 P/M tool steel, initiated part way through the first

year will be continued. The approach will be similar to that described above

and will provide for a comparison with TI5 in terms of the role of cobalt.
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Table V: Atomized Powder (T35)-Lattice Parameters of Excess Phases

0

Size Fraction Excess Phases Present Lattice Parameter (A)

0

-10 + 20 Cubic MC a, m 4.183 A

0

Hexagonal y - MC a, = 2.91 A
0

c, = 4.645 A
Co/a. 1.596 A

0

-40 + 45 Cubic MC a. - 4.182 A

0

Hexagonal y -MC a. - 2.912A
0

ce - 4.625 A
0

Co 1.590 A

0

-200 + 230 Cubic MC a. = 4.173 A

Hexagonal y - ao - 2.88 A

c. M 4.63 A
0

Co/a. a 1.607 A

-400 Cubic MC a* a 4.160 A

Hexagonal y - MC a, a 2.883 A

c. = 4.595 A

/a ° - 1.60 A
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Table VI: Annealed Powder (T5)*- Lattice Parameters of Matrix and Excess Phases

Size Fraction Phases Present Lattice Parameter (A)

1 0

-10 + 20 Matrix : a - ferrite a. - 2.877A

0

Carbides: Cubic MC a. R 4.182 A

Cubic M6C a. 11.082 A

Hexagonal MC
(traces)

f@

-40 + 45 Matrix : a - ferrite a, = 2.885 A

I, 0

Carbides: Cubic MC a. = 4.179 A0
CubicMC a. - 11.090A

M6

-200 + 230 Matrix ai - ferrite ao = 2.886 A

Carbides: Cubic MC a. = 4.178 A

Cubic M6C a. 11.062 A
M6

-400 Matrix : a - ferrite a. = 2.869 A

Carbides: Cubic MC ao a 4.177 A

Cubic M 6C a. a 11.056 A

* 1125C (2060"F) for 30 minutes.
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Table VII: HIPed Material - Lattice Parameter of Matrix Phase

i0

Sample Matrix Phase Lattice Parameter (A)

0

-20 + Hi a - ferrite a. - 2.870 A
S

-20 + H2 a - ferrite a. - 2.872 A
0

(-20 + 60)+ Hi a - ferrite a. - 2.872 A

(-20 + 60)+ HZ a - ferrite a. - 2.872 A
5

(-150 + 325)+ Hi a - ferrite a. - 2.871 A

(-150 + 325)4 H]2 a - ferrite a, - 2.870 A

-325 + Hi a - ferrite a,,- 2.870 A

-325 + R2 % - ferrite a. -2.871A
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Table VTII: HIPed Material - Lattice Parameter of Excess Phases

Sample Excess Phases Lattice Parameter (A)

0

-20 + Hl Cubic MC a. : 4.183 A
S

Cubic M6C a, : 11.059 A
6o

Cubic "2 3C6  a. : 10.581 A

*

-20 + H2 Cubic MC a, : 4.182 A
0

Cubic H6C a. : 11.058 A
M6

Cubic '423C6  a. : 10.586 A

(-20 + 60)+ HI Cubic MC a. : 4.179 A
0

Cubic M6C a. : 11.059 A6o

Cubic M2 3 C6  a* : 10.604 A

(-20 + 60)+ H2 Cubic MC a. : 4.187
9 0

Cubic M6C a, : 11.071 A6B
Cubic M2 3C6  a, : 10.606 A

o

(-150 + 325)+ Hl Cubic MC a, : 4.176 A
o

Cubic M6C a, : 11.053 A

Cubic M2 3C6  a. : 10.567 A

(-150 + 325)+ R2 Cubic MC a, : 4.184 A
Cubic M , a. : 11.057A

Cubic M23C 6  a. : 10.588 A

-325 + Hi Cubic MC a, : 4.178 A

Cubic M6 C a. : 11.054 A
Cubic M 2 3C6  a, : 10.582 A

iS

-325 + R2 Cubic MC a, : 4.182A

Cubic M6C a. : 11.056 A

Cubic M23 C6 a. : 10.592 A
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Table IX: Hardness of HIPed Material

SmpleR* Sample Rc*

-20 + HI 35.0 -20 + R2 30.0

(-20 + 60)+ HI 36.2 (-20 + 60)+ H2 31.5

(-150 + 325)+ H 33.0 (-150 + 325)+ R2 30.0

-325 + Hl 33.0 -325 + H2 29.0

* Average of 5 readings

Table X: Hardness of HIPed and Heat Treated Material

Sample Re* Sample Re*

(-20 + 60)+ Hl + Al 65.5 (-20 + 60)+ Hl + A2 64.2

(-20 + 60)+ HI + Al + Tl 64.4 (-20 + 60)+ H1 + A2 + T1 66.3

(-20 + 60)+ Hl + Al + T2 63.3 (-20 + 60)+ HI + A2 + T2 64,7

(-20 + 60)+ Hl + A1 + T3 61.5 (-20 + 60)+ HI + A2 + T3 63.3

Sample R.* Sample R*

-325 + H1 + Al 66.2 -325 + Ul + A2 65.9

-325 + HI + Al + T1 64.0 -325 + H + A2 + T1 65.5

-325 + HI + Al + T2 64.7 -325 + HI + A2 + T2 65.5

-325 + HI + A1 + T3 62.4 -325 + HI + A2 + T3 63.7

* Average of 5 readings
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Table XI: Atomic Radius of Iron and Some Alloying Elements

Atomic Radius
Element (A)

C 0.914

Co 1.25

Fe 12

Cr 1.30

V 1.34

W 1.41
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7TT T'

Atomize 500 pounds cf
TIS and Rex 25

Screen powder to four
(4).different particle

size fraccions.
Yield ,t,200 pounds/alloy

-T
Prepare L-fo (2) 20 pound
compacts for each size

fraction/alloy

FKP all c

4 HIPed compacts of each Hot work to 1-1/4" 0 bars

Ds Lze fraction/alloy 4 HIPed compacts of each
particle size fraction/alloy

Anneal,
cut,

rough machine
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Heat Trea7t

eest

Micros and
analysis

Figure 1: Schematic of the Over&U Program
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(a) (b)

F'igure 2: Mlicrographs (SEI4) of Atomized TIS Powder. (a) -40 +45,
(b) -200 +230; (c) -400. All magnificationa X200.

-35-



ka) (b)

Figure 3: Micrographs (TEM/Rplicas) of Atomized T15 Powder. (a) -jo +20,
X2750; (b) -200 +2309 X2750; (c) -400, X7000. All etched 'with
iKalling's Reagent.
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Figure 4: Lattice Paramters of Carbides a. Function Of Mean Particle
Size -Atomized T15 Powder.
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(b)

Figure 6: Hitcrographs (TE/Replicas) of T15 Annealed Powder. (a) -10 +20,
X2750; (b) -400. X2750. Both Itched with Kalling's Reagent.
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Figure .7: Lattice Parameters of Matrix and Carbides as a Function of Mean
Particle Size -Annealed TIS Powder.
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(a) (b)

Figure 9. Micrographs (TEM/Replicas) of HIPed T15 Materials. (a) -20 +60
(Hl), X2750; (b) -20 +160 (H2), X2750. Both Etched with Kalling's
Reagent.

(a) (b)

Figure 10: Micrographs (TMIRplicas) of HIPed T15 Material. (a) -325 (Hi),
X2750; (b) -325 WR), X2750. Both Etched in Kalinzg's Reagent.
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(b)

Figre 11: M crographs (TEf/Raplicaa)of HIPed T15 Material. (a) -20 (!l),
X2750; (b) -20(12), X2750. Both Etched in KaUing's Reagent.
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ka) o

Figure 12; Optical Micrographs of HIPed Plus Heat-Treated Material.
(a) -325 (H1 + Al); (b) -325 (Rl + A2); Both Etched in 10%
Nital * Both Magnifications XlOOO.

(a) (b)

Figure 13: Optical Micrographs of HIPed Plus Heat-Treated Material.
(a) -20 +60 (El + Al)-, (b) -20 +60 (RI + A2).* Both Etched
in 102 Nital. Both Magnifications X1000.
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(C) (d)

Figure 14: Mi~crographs (TV4/Roplicas) of HIPed Plus Seat-Treated, Material
From -20460 Screen; (a) Rl +Al; (b) 31+ Al +TI; (c)El +
Al + T2; (d) l + Al + T3. All Etched with Kalling's Reagent.
All Magnifications 12750.
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(a) (b)

(F)()

Figure 15: Micrographs (TE/Replicas) of HIPed Plus Heat-Treated Material
From -20 +60OScreen; (a) 1l+ A2; (b) H + A2 +T1; (c) 11+
A2 + T2; (d) Hi + A2 + T3. All Etched, with Railing's Reagent.
All Magnifications X2750.
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(a) (b)

(c) (d)

Figure 16: Micrographs (TEM/!Repiic&8) of HIPed Plus Heat-Treated Material

From -325 Screen; (a) Hi + Al; (b) Hi + Al + Ti; (c) Hi + Al + T2;

(d)- R1l + Al + T3. All Etched with Kailing Is Reagent. All
Magnifications X2750.
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(a) (b)

Cc) (d)

Figure 17: Micrographs (TEMReplicas) of HIPed Pius Heat-Treated Material
From -325 Screen; (a) HI + A2; (b) Hi + A2 + TI; Cc) l +
A2 + T2; (d) H1i + A2 + T3. All Etched in Kailing's Reagent.

All Magv ~tcations X2750.
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