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and perpendicular to the rolling direction, respectively.
Speciren thickness .625 cm (0.25 inch).

3 Fracture surface of fracture toughness specimens. From 189
left to right: HR91, VMB2 and VMB2A, fracture plane
parallel to the rolling direction in each specimen.
Specimen thickness .635 cm (.25 inch).

4 S-N curves of Vascomax 300 and of a powder metallurgy - 190
product produced by hot isostatic pressing and extrusion.

Fracture Toughness and Fatique Crack Growth Rates of IN-100
FrocessEE,Ez Powder Hetaliuggx ,

1 Microstructure of as-received cast IN-100 (40X). 201

2 Microstructure of heat treated cast IN-100 (40X). 201

3 Microstructure of as-received cast plus HIP IN-100 (40X). 202

4 ?icrgstructure of heat treated cast plus HIP IN-100 202
40X ). '

5 Overall view of typical IN-100 powder processed by REP 203
technique (500X).

6 Microstructure of typical IN-100 powder processed by 203
REP technique (1ooox§.

7 IN-100 billet processed by powder metallurgy and HIP 204
and forged.

8 Microstructure of as-received P/M plus HIP and forged 204

IN-100 (40X).

9 Microstructure of as-received P/M plus HIP and forged 205
IN-100 (200X).
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10 Pores in P/M plus HIP and forged IN-10C (ZOOX) 205
N Microstructure of heat treated P.i p1us HIP and forged 206
IN-100 (400x) ,

12 Microstructure of heat treated P/M n1us H!D and forged 206
IN-100 (1000X). L

13 Compact-tension specimen used for fracture toughness 207
testing.

14 Orientation of fracture toughness and fatigue specimens 208
in forged ?/M bille* of IN-100

15 Fracture suriace ar tast IN-1G¢ (630X) 209

16 Fracture surface of c¢.st plus HIP IN-100 (600X). 209

17 Single-edge—crack specimen used for fatigue crack | 210

propagation testing.

18 Fatigue crack propagation in P/M, cast and cast plus 21
HIP IN-100 at room temperature and 1400°F.

19 Branching of the fatigue crack in cast IN-100 (40X). 212

The Deformation of Hot Isostatically Pressed IN-100 at High
Temperatures and High Strain Rates

la  Typical REP IN-100 powder particle (500X). 235
1b Dendrite structure in REP IN-100 powder (300X). 235

2a Typical microstructure of IN-100 HIP at 2100°F (1176°C) 236
for 2 hours at 15 ksi (103.4 N/mm?). Designation:
(3A68-2) (200X).

2b Typical microstructure of IN-100 HIP at 2250°F (1250°C) 236
for 5 hours at 15 ksi (103.4 N/mm?). Designation:
(2L43-1) (200X). Taken after tenting.

3 Stress vs. deformation rate plot for IN-100 HIP at . 237
2050°F (1140°C) for 2 and 5 hours.

4 Stress vs. deformation rate plot for IN-100 HIP at 237
21060°F (1170°C) for 2 and 5 hours.

5 Stress vs. deformation rate plot for IN-100 at 2150°F 238

(1195°C) for 2 and 5 hours.
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: 6 Stress vs. deformation rate plot for IN-100 HIP at 238
) 2200°F (1220°C) for 2 and 5 hours. ,
. 7 Stress vs. deformation rate plot for IN-100 HIP at 239

2250°F (1250°C) for 2 and 5 hours.

L )

8 Typical post-test photomicrograph of IN-100 HIP at - 240
2250°F (1250°C) for 2 hours; designation (zL49-2),
tested at 2000°F (1093°C); 106 ksi (73.1 N/um?).
Defovmation rate: 5.7 X 107° sec ! (400X).

L ]

9 Typical post-test photomicrograph of IN-100 HIP at 240
- 2250°F (1250°C) for 2 hours; designation (2L43-2);
tested at 1900°F (1038°C); 335 ksi (231 N/mm?).
_Deformation rate: 3.1 X 10°" sec”!. (200X).

£ 10 Typical post-test photomicrograph of IN-100 HIP at 241
" 2250°F (1250°C) for 5 hours; designation (2L46-1);

tested at 1800°F (982°C); 248 ksi_;\70.9 N/mm?).

Deformation rate: 4.6 X 10°° sec !, (200X).

1 Typical post-test photomicrograph of IN-100 HIP at 241
- 2200°F (1220°C) for 5 hours; designation (2L42-2);
tested at 1900°F (1038°C); 148 ksi (111.8 N/mm?).
Deformation rate: 2.3 X 107 % sec”!. (200X).

12 . Typical post-test photomicrograph of INM-100 HIP at - 242
2150°F (1195°C) for 2 hours; designation (2K12-4);
tested at 1900°F (1038°C); 189 ksi (130.3 N/mm2).
Deformation rate: 2.7 X 107" sec *. (200Xj).

13 Typical post-test photomicrograph of IN-100 HIP at 242
2050°F (1140°C) for 5 hours; designation (3A53-3);
tested at 1900°F (1038°C); 232 ksi (160 N/mm?).
Defcrmation rate: 2.0 X 10" % sec™!. (200X).

14 Typical SEM fractograph of IN-100 HIP at 2200°F(1220°C) 243
for 5 hours; designation $2L52-4); tested at 2000°F
(1093°C); 80 ksi %55 N/mm<). Deformation rate:

[
[
[
[
!
' 1.4 X 10" sec™. (130X).
!
!
1
2

15 Typical SEM fractograph of IN-100 HIP at 2150°F (1195°C) 243
for 2 hours; designation (2K12-4); tested at 1900°F
(1038°C); 189 ksi (130.3 N/mm?). Deformation rate:
2.7 X 107" sec’t. (119X).

16 Typical post-test photomicrograph of IN-100 HIP at 244
2150°F (1195°C) for 2 hours; designation (2K12-4);
tested at 1900°F (1038°C); 189 ksi (130.3 N/mm?).
Deformation rate: 2.7 X 107" sec ‘. (1000X).




18
19.
20
21
22
23
24
25
26
27

28

Typical rupture time vs. deformation rate plot (Monkman-

‘Grant) for material HIP at 2050°F (1140°C) for 2 and 5

hours. Tested at 1800°F (982°C).

Stress vs. elongation curve for IN-100 HIP at 2050°F
(1140°C) tested at 1800°F (982°C).

Stress vs. elongation curve for IN-100 HIP at 2250°F
(1250°C) tested at 1800°F (982°C).

Stress vs. elongation curve for IN-100 HIP at 2050°F
(1140°C) tested at 1900°F {1038°C).

Stress vs. elongation curve for IN-100 HIP at 2250°F
(1250°C) tested at 1900°F (1038°C).

Stress vs. elongation curve for IN-100 HIP at 2050°F
(1140°C) tested at 2000°F (1093°C).

Stress vs. elongation curve for IN-100 HIP at 2250°F
(1259°C) tested at 2000°F (1093°C).

Elongation vs. rupture time curve for IN-100 HIP at
2050°F (1140°C) tested at 1900°F (1038°C).

Elongation vs. rupture time curve for IN-100 HIP at
2100°F (1170°C) tested at 1900°F (1038°C).

Elongation vs. rupture time curve for IN-100 HIP at
2150°F (1195°C) tested at 1900°F (1038°C).

Elongation vs. rupture time curve for IN-100 HIP at
2200°F (1220°C) tested at 1900°F (1038°C).

Elongation vs. rupture time curve for IN-100 HIP at
2250°F (1250°C) tested at 1900°F (1038°C).

Distribution of Plastic Strain and Triaxial Tensile Stress in

“Necked Steel and Copper Bars

1

(RN

Changes of neck profile with deformation in a tension
specimen.

Changes of shape of a grid inscribed on the surfaces of
two specimens with initially machined natural neck
profiles of (a/R).i = 0.5.

True stress-true strain plot for two spheroidized 1045
steel specimens.
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275
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277
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4 True stress-true strain plot for two fully aged specimens 278
- of Cu-0.6% Cr. '

5 Nodal points in finite eiement grids for bars with 279
= initially machined natural neck profiles, a) (a/R)i =
0.5, b) (a/R)1 = 1.0,

6 Distribution of equivalent plastic strain (a), and 280
triaxial tensile stress (b) for 1045 steel bar with
(a/R)i = 0, (a/R)f = 0.95, ey = 0.0072, n = 8.

7 Distribution of equivalent plastic strain (a), and _ 281
triakial tensile stress (b) for 1045 steel bar with
(a/R),i = 0.5, (a/R)f = 1.65, ey = 0.0094, n = 4,

8 Distribution of equivalent plastic strain (a), and 282
triaxial tensile stress (b) for 1045 steel bar with

(a/R)y = 1.0, (a/R), = 2.4, €, = 0.0094, n = 4,

9 Distribution of equivalent pfastic strain (a), and 283
triaxial tensile stress (b) for Cu-0.6% Cr bar with
(a/R)1 = 0, (a/R)f = 0.95, €y = 0.00, n = 3,

10 Distribution of equivalent plastic strain (a), and 284
triaxial tensile stress (b) for Cu-0.6% Cr bar with
(a/R)y = 0.5, (a/R)¢ = 2.75, ¢, = 0.00416, n = 2.5.

11 Distribution of equivalent plastit strain (a), and 285
triaxial tensile stress (b) for Cu-0.63 Cr bar with
(a/R)1 = 1.0, (a/R)f = 3,82, ey = 0.00416, n = 2.5.

12 Distribution of triaxial tensile stress, op, flow stress, 286
Y, and triaxiality, op/Y,s in: (a) Steel with (a/R)1 = 0,
at a/a; = 0.75; (b) Steel with (a/R)i = 0.5, at a/a; = 0.60;
(c) Steel with (a/R)i = 1.0, at a/a; = 0.60; (d) Cu-0.6% Cr
with (a/R)i = 0, at a/ay = 0.45; (e) Cu-0.6% Cr with
(a/R)i = 0.5, at a/a; = 0.50; (f) Cu-0.6% Cr with
(a/R)i = 1.0, at a/ai = 0.50.

Cavity Formation from Inclusions in Ductile Fracture

1 Idealization of actual plastic behavior by two limiting 322
forms on non-hardening rigid plastic, and linear behavior.

2 One quadrant of grid for finite element solution of 323
initiation of plastic flow in pure shear around a rigid
cylinder.
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10

n

12

13

Spreading of the plastic region (shaded) with increasing
boundary displacements for elastic, non-hardening plastic
idealization: (a) Uy = U, where plastic flow is just

initiated, (b) up = 1.1 Ugs (c) up = 1.2 Ugs (d) uy =
]-3 uol (e) U] = 104 UO. (f) U] = “-5 Uo.

Chﬂﬁbe of maximum interfacial tensile stress with inc-
reasing boundary strain in non-hardening material.

Distribution of interfacial tensile stress and shear
strain around a rigid particle in an incorpressible
linear matrix.

The distribution of principal total strain ¢ x parallel
to the tension direction for the elastic, nofiX hardening
plastic material, the linear incompressible material,
and experimental measurements on a model copper specimen
with a hardened cylindrical Cu-Be "inclusion"

"~ Ashby's model of the production of a secondary plastic

zone to dissipate the elastic shear stresses arising
from the interfacial displacement incompatibility upon
plastic straining of the matrix. :

(a) Idealization of the cylindrical plastic punching by
a cylinder elastically or plastically extended in a rigid
cavity against wall friction; (b) Plastic punching
between two interacting particles.

Change of interfacial stress with increasing distant
plastic strain for an elastic plug and a plastic, strain
hardening plug.

Dependence of interfacial stress on local second phase
particle concentration, (a) for copper, n = 2.5,
(b) for 1045 steel, n = 4,

Probability (1-P{c/c)) of finding a local second phase
particle concentration in excess of c, when the overall
average is c.

The dependence of the critical strain ratio for particle
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324
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326

327

328

329

330
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334

interactions as a function of local second phase concentra-

tion for two hardening exponents.

Experimental arrangement for determining local plastic
strains in a copper block with a hardened, cylindrical
Cu-Be “inclusion".

335
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Se¥arat1on,of Inclusions in Spheroidized 1045 Steel, Cu-0.6% Cr
oy, and Maraging Steel in Plastic Straining

1 FeqC inclusions in spheroidized 1045 steel (bar s 10u). 361

2 Cu-Cr inclusions in a plastically strained sample of 361
Cu-0.6% Cr a1loy (bar 1s 10u).

3 Stress-strain curve of unaged maraging VM300 steel. 362

4 Section of maraging steel showing fracture surface 363

outline and large internal holes from which TiC inclu-
ﬁions ?ave been removed in the course of polishing (bar
s 50u).

5 Cumulative density distribution of diameters of Fe,C

, inclusions: upper curve, prior to straining; midd!g curve,
separated inclusions underneath fracture surface; lower
curve, separated inclusions, a distance z = 0.32 ay
away from fracture surface. -

6 Cumulative distribution of net nearest neighbor 365
.. distances between Fe3C inclusions.

7 Frequency distribution of the p/Ac ratio of Fe3C. 366

8 (a) Fe,C inclusions and holes on axial section of frac- 367
tured §pecimen; (b) fracture surtace dimples (bar 1s 5u).

9 Density of separated Fe,C inclusions, and fraction of 368
inclusions separated algng axes of spheroidized steel
specimens: (a (a/R)1 = 0; (b) (a/R)i = 0.5; (c) (a/R)1 =1.,0.

10 Cumulative density distribution of diameters of Cu-Cr 3N
inclusions in Cu-0.6% Cr alloy: upper curve, prior to
straining: lower curve separated inclusions underneath
fracture surface.

N Dimples on fracture surface of copper with Cu-Cr inclu- 372
sions (bar is 10u).

12 Density of separated Cu-Cr inclusions and fraction of 373
inclusions separated along axes of Cu-0.6% Cr alloy:
(a) (a/R)y = 0; (b) (a/R); = 0.5; (c) (a/R); = 1.0.

13 Density of separated TiC inclusions, and fraction of 376
inclusions separated along axes of maraging steel:
(a) (a/Rgi = 0.] and (a/Rc)’1 = 0.25; (b) (a/R)i = 0.5
and (a/R 0
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18
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- 20

21

22

23

24

Dimples on fracture surface of maraging steel showing
large dimples of TiC inclusions, and small dimples of
N13Ho inclusions (bar is 10u).

Fe,C inclusions and holes in specimen strained at 450°C
(bgr is 5u).

Fe.C inclusions and holes in specimen strained at 630°C
(bgr is 5u).

Cumulative density distribution of effective diameters
of Fe3C inclusions in material strained at 450°C: upper
curve, prior to straining; lower curve, separated
inclusions underneath fracture surface.

Cumulative density distribution of effective diameters of

Fe,C inclusions in material strained at 630°C: upper
cutve, prior to straining; lower curve, separated
inclusions underneath fracture surface.

Density of separated Fe.C inclusions and fraction of
inclusions separated aiang axes of 1045 steel specimens
strained at 450°C and 630°C. '

Dimples on fracture surface of Fe3C-bear1ng.104$ steel,

Fractured at 450°C (bar is 10u).

Dimples on fracture surface of Fe3C-bear1ng 1045 steel,
fracturcd at 630°C (bar is 10uw).

Probability of finding a local concentration of second
phase_in excess of ¢ in specimen with average concentra-
tion ¢, as a function of c/c. Circles are experimental,
broken curve from theory of Argon, et.al. (10).

Construction for determination of the distrihution of
separated Fe,C inclusions along the axis of a fractured
specimen of gpheroidized 1045 steel containing a large
concentration of interacting inclusions.

Fraction of separated inclusions as a function of -

equivalent plastic strain: Dots determined from specimens

5 and 6 of 1045 steel, curve obtained from construction
given in Figure 23.
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Hot [sostatic Pressing of Modern Alloy Powders

I. INTRODUCTION

in modern metallurgy continued development of high performance materials,

characterized most generally by extensive use of scarce and expensive components,
has been limited in some areas by basic physical phenomena. An example of such a
limitation is the tendency of highly alloyed compositions to undergo macro and micro
segregation during solidification from the melt. The dimensional scale and "intensity"
of such segregation tends to increase with decreased cooling rate of liquid metal, a
condition which occurs generally with increasing casting size. In production of
wrought products from cast ingots or bars, adverse =ffects on workability and the
uniformity of structure and properties may result from solidification induced
inhomogeneities in configurations surprisingly small.
7 Alloy improvements for "state-of-the-art" aircraft gas turbine engine discs
are expected to employ increasing amounts of refractory metals such as tungsten,-
tantalum, columbium, molybdenum and hafnium in a nickel alloy base. Some
developmental compositions are even now so heavily alloyed that the "cast and
wrought" process route is "closed out". Further progress requires process routes
employing prealloyed metal powders. The technical aspects of achieving
compositional uniformity and structural refinement by use of prealloyed powder
have been discussed. 1.2,3,4
Prealloyed powder production achieves in effect sufficient reduction in
dimensional scale of segregation of alioying elements in each powder particle
that subsequent process steps produce "“fully'homogeneous structures. Phase
relationships are maintained during processing, however, and insoluble phases
such as carbides may persist although "refined" in dimension. Full utilization of
the properties of superalloy powder requires, however, the critical step of
; consolidation. 1In the present paper, the method of hot isostatic pressing of alloy
powders will be discussed.

E
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PROCESS DESCRIPTION

Hot isostatic pressing of prealloyed powders consists of consolidation by

_application of fluid pressure at elevated temperature. Configurations may include

"net-shape", forging preforms, extrusion billets, hot rolling billets, test bar material,
etc. Inthe case of net-shape production, careful dimensional control is required to
achieve maximum econoiny in powder utilization., For forging billets, the same
condition applies because subsequent forging practice requires consistent billet
dimensions. Basic elements of the pressing include powder characterization,
encapsulation, and process cycle.
A. Powder Characterization

Powder properties which affect subsequent processing include particle shape,

size, size distribution, and chemistry. Workability and property response require
close specification of these variables. Immediate specification of "packing
density" of superalloy powder after being "tapped" or vibrated is required for

__design of encapsulation containers. Powder packing density is defined as the ratio

of apparent density of "tapped" powder to density of "100% dense" material .
Values of the latter are generally taken as those of cast or wrought material .

Thus, s
g

s i

where
D = packing density
Q' = apparent density of ta.pped powder, grs/cc
R - density of 100% dense material, grs/cc
Since in hot isostatic pressing the "empty space" between powder particles is -

“squeezed out", the volume shrinkage per unit volume during HIP is given by
¢

‘vv=e;e'=1-§*”’ (D)

Linear dimensional shrinkage can be approximated to first order from the relationship

for a unit volume

v =1 (2)




(3)
and |

‘Al _ 1AV _ 1-D
T T3V T3

4)
Thus, for a powder with D = 0.7, the linear shrinkage after full compaction is
given by:

Al % 1-0.7 = 0.1 (5)
i 3
With such a powder, the starting dimension to produce a specific finish dimension
is estimated as; Lf Lf
Li = 1=a1 = 709 (6)
T

where

i initial linear powder dimensior

L, = desired finai compact dimensions

Allowances must be made for stock for forging and/or finish machining as well as
removal of the interaction zone between the can and its compacted contents,
Complications arise in maintaining geometry control if powder packing density is

€.5-.6 due to flake and/or hollow particle morphology. Thin sections distort

readily during compaction of low packing density powder.
B. Canning

In hot isostatic compaction of powder, the locose powder is encapsulated in a
container which functions first as a vacuum container and then as a leak proof high
temperature - high pressure plastic envelope. Factors which are critical in design

and execution of such containers include:

1. Liquid phase formation,

Can material must be selected to avoid liquid
phase formation in the powder/can system at process temperature. For nickel base alloys,
low carbon and stainless steel have been used.

Iron does not lower the solidus
temperature of IN-100 significantly, for example. Hot isostatic pressing has been




-~ carried out within 30°F of the nominal incipient melting point of IN-100 with limited
can/powder interaction, Figure 1. Some nickel base alloys may be processed slightly
above their solidus temperatures. In these cases, phase relationships of the container/
alloy system must be carefully considered. A more critical case is that of titanium
alloy powders in low carbon steel cans. The Fe,/Ti system shows a 1980°F binary
eutactic. A safety margin of 150°F to allow for process temperature control and
"other impurities" depressing the system solidus fixes maximum HIP process
temperature at 1800°F in spite of the much higher melting points of the separate
components.

2. Container material availability. Low carbon steel seamless tubing

is the first choice because of the large selection of standard diameters and wall

_ thicknesses available commercially. Seamless stainless tubing is available in_
standard but more limited sizes. Refractory metals and nickel base alloy "standard"
~ tubing sizes are available in limited sizes, usually small.

3. Fabricability. If special circular symmetry shapes and sizes are
required, spinning, hydroforming, rolling and welding must be able to be easily
carried out. Low carbon steel "spinning" grade sheet in 14 and 16 gauge has
been used to manufacture containers of this type for IN-100 forging preforms,
Figure 2. Both the "can" and the "cover" were spun.

4. Weldability. Vacuum and pressure tightness of powder containers
depend critically on the integrity of their weld joints. Welding techniques are
weil established for low carbon and stainless steels, and may be applied
without extensive development. Meticulous attention to joint fit up and
surface preparation is essential.

5. Leak detection. In fabrication of containers for powder compaction,

it must be generally assumed that vacuum and/or pressure leaks, however
small, are present in each and every can. Container design and fabrication

must be planned to facilitate leak detection. The criticality of ieakage in

compaction technology is discussed in a separate paper.




C. Equipment
Boyer, Orcutt, and Conaway5 have described the basic features of hot

isostatic pressing equipment. A major aspect of process cpntrol which is critical
for nickel base superalloys is measurement of "actual" temperature of the parts

or billets being processed. HIP unit furnace winding control thermocouples for
batch operation in an 8" g furnace starting at room temperature lead the load by as
much as several hundred °F and times of the order of 1-2 hours depending on load
configuration, Figure 3. Because of transfer and capacity Iagsb, workpiece
temperatures must be measurad by “closely thermally coupled" thermocouples.
Where possible, temperatures at the load 0.D. at the top and center at the bottom
must be measured to prevent both overheating and underheating. Thermocouples must
be maintained to the highest standards of calibration because convective flow in 2
HIP unit serves tn effectively transport harmful thermocouple contaminants to the
smallest and most remote locations.

D. Process Cycles

‘There are many possible hot isostatic process cycles which vary in the
relationship of temperature and pressure application. Cycle variations include
those shown schematically in Figure 4 and described as follows:

l. Pressurize by pumping cold to+~1/3 required process pressure.
Isolate vessel and heat to process temperature. Pressure rises due to increased
gas temperature under constant volume constraint. The "~1/3" figure applies
for argon gas at ~2200°F process temperature.

Il.  Heat work to process temperature while maintaining process< pressure
low, 100-1000 psi. Pressurize to required level by pumping cold gas into hot
system,

I,  Pressurize system to required level by pumping cold. Follow by
heating system to process temperature while bleeding process gas back to

storage to maintain required pressure level .




Iv. Heat and pressurize simultaneously. N

Final pressure in aif cycles may be “trimmed" by pumping or bleeding.
Cycle | is used most often because it permits exact process control and minimizes
equipment wear. Cycle Il requires extreme care in operation to prevent over
pressurization of equlpment:. This cycle also exposes powder containers to
maximum risk of argon leakage since full pressure is applied before the can material
is sufficiently plastic to flow and seal small leaks. Conversely, Cycle |l minimizes
leakage risk since full can plasticity is attained before application of substantial
pressure. Cycle ll is also noted as similar to an idealized model of a process whereby
full pre-heating of biilets is carried out in a furnace outside the hot isostatic press.
Cycle IV is designed to minimize overall process time.
E. Compaction Mechanics

With the exception of compacts specifically designed for porous structures,
it may generally be assumed that "100%" density is the normal objective for hot

isostatic pressing of powder compacts. There is no general theoretical description

of the complete densification process during hot isostatic pressing, but (‘.ohle7

has discussed the "final stage" of sintering with applied pressure. The driving
force for densification in this stage is given by the author as:

o]
D.F. =2—7¥- + Da 7

where 2
¥ = surface energy, ergs/cm

r = pore radius, cm

P, = applied pressure, dynes/cm2

D = relative density, dimensionless
When pore radius becomes sufficiently small, the applied pressure term can be
neglected. If an order of magnitude (factor 101) difference is selected where the
pressure term is to be discarded, a region of pressure independent sintering in

final stage is defined by




s 107h 2¥ | | - -
Since D %1 in final stage, Py r .2 (9
defines the lower boundary of "pressure enhanced" sintering conditions.
Fundamental assumptions required for Coble's model are location of ail pores on
grain boundaries and absence of gas trapped within closed pores. The second
assumption must generally be questioned in hot isostatic pressing and is safely
established only by chemical analysis. '

A plot of equaiion 9 is given in Figure 5 for¥ = 1000 ergs/cmz. The
locus of P,/D = Z‘,! defines equal contridution to the driving force for
densification of both the pressure and the surface energy terms. The significance
of Figure 5, as derived from Coble's model, is that final elimination of porosity
proceeds substantially independently of applied pressure. For pores small enough
to be uninfluenced by applied pressure, there is no restriction on number or
distribution of such "species". Thus, arrays of such pores may occur at inter-
particle boundaries or precisely where the greatest bonding integrity is required.
Figure 5 defines the size of pores which may remain at these boundaries to be
eliminated by surface tension "driven" diffusion processes,

Implicit in the application of Coble's model to hot isostatic pressing is
the assumption that the applied pressure is transmitted throughout the powder
compact. This condition may not hold for "large" nickel base powder compacts at
"low" compaction temperatures where creep strength is high enough to partially
support an applied load for times of the order of 1 hour. Conversely, HIP processing
at a temperature where partiai melting occurs would insure transmission of applied
pressure via the liquid phase.
APPLICATIONS

Four types of HIP powder compacts utilized to produce material for processing

and test are shown in Figures 2, 6, 7, and 8 respectively. Tesc bars, 3/4"¢,
were used for plasticity, property, microstructur: ' and heat iveatment studies

primarily of IN-100 and cobalt base alloys. Extrusion billets were HIP'ed




v

7 to provide “full" interparticle bonding prior to extrusion as well as maximizing the

amount of solid core material in the billet. Sheet bars in maraging steel and cobalt
base alloy powders were hot rolled to ~3/8" plate for test. Three IN-100 powder
compacts as shown in Figure 2 were press forged at Wyman-Gordon Company to
produce flatvl2" ¢ discs, Figure 9.

METALLURGY

Metallographic study of HIP compacts was carried out in three areas as
follows: 1. direct HIP compaction of IN-100 powder for high temperature
®1500°F) applications, 2. investigation of forging rolling, and extrusion
billets and products, and 3. effect of HIP cycle on microstructure.

A processing goal established for "good" high temperature &1500°F)

' properties of IN-100 powder compacts was as large a grain size as possible.

- []
Two process routes were explored: 1. HIP below the ¥ solvus and heat treatment
above it for grain growth and 2. HIP above the ¥'solvus directly with additiona

- heat treatment optional. Full details have been covered in a previous repou'l:8 but

structure results are summarized in Figure 10. Structure produced by HIP, which
is typical, consists of mixed grain size material, the finest grain size of the order
of « 10p originating in highly deformed and recrystallized powder particles, and
the coarsest of the order of S50p originating as the cast grain size of those vowder
particles undeformed during HIP compaction. Heat tre atment above the ¥ .solvus
produced a «300p g.s. aud a unique "unstable" grain boundary structure (center,
Figure 10) as well as some pores. Further heat treatment nea:ly eliminated the
“unstable” grain boundary structure and replaced it with scattered "large"” pores
near or on grain boundaries (right, Figure 10). Similar grain boundary “instability"
and pore formation was also observed in IN-100 L.C powder HIP'ed @ 22 75°F
(above ¥ ‘solvus) and heat treated @ 2275°F following HIP.

The origin of thermally induced porosity ("TIP") was sought in analysis of
compacted material for argon. TIP was found to occur in {IN-100 LC at argon

levels as low as 0.1 ppm by a vacuum fusion - mass spec analysis method.



~ This 0.1 ppm level was, however, close to the detectability limit of the analytical

method so that the conclusions drawn from this finding are tentative. Normal carbor
(.15%C) IN-100 HIP'ed and heat treated above the x'solvus did not show TIP
when argon was less than the detectability limit (2 0.,1ppm). 7

Metallographic examination of the forgings shown in Figure 9 was carried
out and two center radial sections are shown in Figure 11. HIP@ 2250°F
produced a uniform g.s. of ~200p which forged without cracking except at the edges.
The 2200°F HiP'ed preform showed cracking throughout,primarily at the boundaries
of undeformed prior powder particles. Analysis for argon of material adjacent to
that in the micros showed 2.6 ppm in the 2250°F HIP'ed billet and 62 ppm in
the 2200°F HIP'ed billet. The latter level is considered sufficient to prevent
full densification during HIP and cause crack growth during forging originating in
pores in the compact.

 Effect of HIP process cycle on microstructure was investigated wich IN-100
LC for two types of relationships between temperature and pressure application.
In.the first (type Il cycie, Fig. 4), starting with as low a pressure as practical
~ (~500 psi) the sample was heated to 2030°F, then pressurization to 15 ksi was

carried out by pumping as fast as possible. A plot of time/temperature/pressure is
shown in Figure 12. Note the temperature lag of the load behind the furnace
windings. |In the second cycle (type Il cycle, Fig. 4}, the HIP unit was
pressurized to 15 ksi *cold" (~100°F) then heated as fast as possible to
2030°F. A plot of cycle parameters is shown in Figure 13. The time scale
is interrupted to permit complete plotting. Note that at high pressure the temperature
lag of the load is reduced. In both cases, a dwell time of 2 hours and "rapid as
possible" cool was used. Samples were canned as test bar compacts 3/4" 4
x 6" long (see Figure &). IN-100 LC remelt stock chemistry of the powder
used in these tests is given in Table |,

A difference in structure between type |1 cycle and type 1l cycle IN-100 LC
material was observed. Figures 14 and 15 detail these findings. The low pressure
heat up material (left both figures) showed coarser recrystallized grain size for both



B matrix and J phase than for high pressure heat up material  right both figures) .
Recrystallization of deformed powder particles is considered "dynamic" in both
cycles, but with full pressure applied before heat up (type 111} the temperature
at which Rx occurs in this case would t2nd to be the lowest at which small
amounts of deformation occur. This could be 1700-1900°F considering that
this range is traversed réiatively slowly (~1/2 hour, see Figure 13). With

a low pressure heat up (type i!), howevennegligible deformation occuss helow
2030°F, and at 2030°F only as the pressure builds up. Dynamic recrystallication
at the higher temperature produces a generally coarser structure. Similar effects
are observed in extrusion. The practical value of such structural characteristics
requires further study.

CONCLUSIONS
The effects of process details on the structure of hot isostatically pressed
powder compacts have been discussed. Factors which have been shown to be

signif icant but must be further explored teo permit advancement of this unique
process miethod include heat transfer within the system, accurate workpiece
-temperature measurement, kinetics of final pore closure, container ieakage,
and time/temperature/pressure relationships of the HIP cycle.
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Table |

IN-100 Low Carbon Chemistry

C Mn Si Cr Ni
.02 .10 10 9.10 Bal.
Mo Co Fe S Vv

2.93 14.6 .37 007 - 1.04
Ti Al B | Ti & Al

4.88 5.64 016 10.5




Figure 1. IN-100/low carbon steel interdiffusion zone.

[ Figure 2. IN-100 LC forging billet compact, 8" & x
4" high.
v
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Figure 9.

IN-100 LC press forged HIP billets,
Top: HIP'ed ot 2150°F, 15 kg, 5
hrs,: middle: HIP'ed at 2200°F, 15
ksi, 5 hrs.: bottom: HIP'ed at 2250°F,
15 ks, 5 hrs, Chemistry, see Table |,

Figure 10,

IN-100 LC, R.E.P, powdt';r.° -35

mesh., Lleft: HIP'ed ot 2000°F, 29 ksi,
2 hrs, As Pressad, etched. Center:

2 hrs. at 2275°F, A.C., etched.

Right: 5 hrs, ot 2275°F, A.C,, etched.

Figure 11,

IN-100LC R.E. P, powder, ~-60 mesh,
Left: HIP'ed at 225" , 15 ksi, 5 hrs.
plus gross forge. Right: HIP'ed at
2200°F, 15 ksi, 5 hrs. plus press forge .
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Figure 14, IN-100 LC R.E.P. powder, ~60 mesh. Left: Type I|
- cycle, Figure 12. Right: Type lll cycle, Figure 13,
Etched. Chemistry, see Table 1.

Figure 15, Same os Figure 14, Note coarse 3 ', Type Il cycle,
finer .f ', Type Ill eycle,
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Canning Practice and Argon Contamination

in Hot | sostatic Pressing

INTRODUCTION

The usefulness of hot isostatic pressing as a cost effective process method
for produring "close-to-net" shapes or forging preforms in modern P/M superalloy
materials is currently being recognized by interested parties. Experience over
the last three years at | ndustrial Materials Technology with canning and hot
isostatic pressing of powders and composite structures has shown a variety of
manufacturing errors which may occur. The most common is container leakage.

In general, there is a spectrum of defects ranging from grossly leaking cans which
do not compact at all, to cans which contain powder compacted apparently to
"100%" density but in fact, have porosity detectable metallographically either
before or after high temperature heat treatment. Such compacts may contain

argon at levels from 0.1 to 200 ppm. Porosity associated with argon in P/M
superalloy products may severely decrease hot plasticity of forging preforms and/or
lead to decreased creep and fatigue properties.

Process conditions in hot isostatic pressing are unique in superalloy metallurgy
because leak proof integrity of a can or envelope must be maintained at pressures
up to 30,000 psi and temperaturses up tow2250°F. Accordingly, the theory of
leaks in HIP cans has been examined and subjected to experimental test. Findings
have contributed to understandin of process limitations and defined questions for
further exploration.

THEQRY OF LEAKS

A. Flow Characteristics of Capillaries

For purposes of discussion, a single Izak in a HIP container is approximated as
a small straight cylindrical capillary perpendicular to the can wall. Schematically,
this is shown in Figure 1. Guthrie ana Loevingerl have described the flow

characteristic of a cylindrical capillary as
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P1
Q = :[L: [c1p2+c2 p+c3'|n(1_+c4p)]P2 | W
where :
- Q = flow rate, cgs units .
P1= high pressure outside leak, cys units
P, = lowest pressure inside capillary, cgs units
L = capiilary length, cgs units

c. = X o
.71 256 ,
. 3
- kT D

_ kT
C3= .065R

_ m D |
. C4—-1.24~1-ﬁ--—ﬁ- |

= viscosity of gas
k = Boltzmanns constant
T = zbsolute temperature
m = mass of gas molecule
For P, = 0, the case of an evacuated and sealed can with a "small" leak, and
Py "large", the case of such a can in a hot isostatic oress under 15,000 psi
pressure or under 15 psi during leak test, Eg. 1 bacomes

4.2 3 2 ™ D P |
_ 1)t py lkT 03 p kT D ln(1+1.244—-— 1\] \
Q= E[ZS(:)! + .34 w 1+ .065R—-m kT (2)

Since Eq. 2 is derived from Knudsen's equation2 , it strictly applies only in the
viscous and moiecular flow regions. Transition from turbulent flow to viscous flow

occurs when Reynolds number
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Re = DV® is €1,20 3)
n
where o
V = gas velocity, cgs units
€= gas Jensity, cgs units
R = gas viscosity, ¢gs units
D = capillary diameter, cm

It is necessary therefore, to establish the applicability of Eq. (2) by determining
Re for various calcuiated leakage flow rates.

B. Leak Rates Through Capillaries at 1 Atmosphere and 1,000 Atmospheres
For He and Ar,

Flow rates at room temperature have been calcuiated for idealized capillaries
_with diameters covering the range which may occur in practice. A standard cabil!ary
‘length L = 1 cm has been used as well as the stated values of physical parameters
and constants. Reynolds number has been calculated for various conditions to
verify use of Knudsen's equation. Parameter values used were:

'[‘He @20°C, 1 atm = 194 x 10-6 poise (gr/cm sec)
NAr@ 20°C - 1300°C, 1000 atm = 700 x 10™° poise
mHe = 6.64 x 10”29 grs/molecule
mAr = 66.2 x 10°24 grs/molecule
k=1.38x 10"16 dyne-cm/degree (Boltzmann's constant)
T=293%K
latm = 1,01 x 106 dynes/cm2

Tabie | gives values of leakage flow rates for He at 1 atmosphere (a15 psig)
and for Ar at 1000 atmospheres (~15,000 psig) for five capillary diameters, D,
and two values of wall thickness L. These calculations clearly indicate the
major problem in leak checking HIP containers, i.e. the leakage flow rate of
argon through a capillary at 1000 atmospheres process pressure may be up to
five orders of magnitude greater than the flow rate during any practical leak checking

procedure applied before HIP, Thus, the sensitivity of leak checking methods oecomes
critical for the integrity of HIP compacts,




Reynolds number values (Table 1) for the calculated flow rates show that only
for a 10y capillary under 1000 atm argon prescure is the Knudsen equation invalid.
A hole of this size is detectable by several methods so that consequent container
leakage should not occur in practice.
C. Total Argon Leakage Flow

Total flow through a single leak has been estimated using the assumption that
P, (Figure 1) remains negligible. Times have been taken as 1000 sec (16.7 min)
and 10,000 sec (167 min, ~3 hrs) the latter comparable to those of process cycles
frequentiy used. It should be noted that in practice, multiple capiilary leaks may

occur. Table ll summarizes these caiculations.
D. Argon Contamination Levels in Compacts.

Contamination levels in powder compacts of various sizes for various total leakage
flows may be estimated using Figure 2. Derivation of Figure 2 is as follows.
Assume a 10 1b. (net) superalloy powder compact with a 1 ppm (by wt.) level of argon
contamination. Total argon contained is 4.54 x 10-3 grams. Since the density of
argon is +1.78 x 10"3 grs/cc at standard temperature and pressure (STP), 1 ppm
argon ina 10 Ib. compact is equivalent to*2.5 std cc.

Comparison of total argon leakage flow for a 0.1u diameter capillary x 0.1 cm
(.040") long and 10,000 seconds flow time from Table il (56 cc-atm) shows that
a 1000 1b. compact would be contaminated to a level of »0.26 ppm Ar and a
100 Ib. compact to~2.6 ppm Ar. The significance of various argon contamination
levels in superalloy powder compacts remains largely unexplored at this time. In
general, argon would be expected to be found after HIP compaction in micropores,
which in turn may adversely affect forgeability and high temperature properties.

E. Other Causes
To put the overall problem of argon contamination of compacts in perspective,

it is necessary to assess the significance of sources other than leaks. Possibilities

which might produce results similar to actual leaks include:




-26-

1. Contaminated powder
- 2.  Insufficient evacuation of compacts

3. Permeation of argon through solid "defect free" can walls
These points are discussed below:

1. Powder may pick up argon in manufacturing (argon atomization) and/or
handling. Air is nominally 9000 ppm argon by weight (~1%). Powder handling
in inert gas or air may lead to physical adsorption of gas particularly in powder
particle capillaries which are surface connected and originate in solidification
shrinkage3. Details of this behavior require full investigation using appropriate
surface chemistry techniques. Hot extraction and vacuum fusion-mass spec
readout analysis of argon atomized IN-100 LC was carried out to characterize
argon atomized powder. In hot extraction, the powder sample was heated under
vacuum at high temperature for a given period of time and the evolved gas
analyzed. Results are in Table Hl and indicate that a significant amount of argon
cannot be "pumped off" even at very high temperature and is "released" only by
fusion. It is to be noted that samples for analysis are normally handled in air so
that "adsorbed" argon is negligible ( first and second analyses, Table Il)
compared to "trapped” or "occluded" argon.

2. Insufficient evacuation of compacts may lead to contamination by residual
gas and its proportional fraction of argon. It is to be noted immediately that since
pumping out of a compact is a dynamic process with pressure heing measured at the
compact outlet or the oump inlet, there may be one or more orders of magnitude
pressure difference from compact to pump. Furthermore, a real leak could be pumped
"fast enough® through the high impedance powder bed and exit tube to give an
apparently "acceptable” seal-off pressure. Such a leak would continue however,
to admit air after seal-off of the evacuation tube.

In the case of a theoretically leak tight can, an expression may be derived
giving the estimated contamination level as a function of residual gas pressure and

temperature,

i

almwwu”

o B

" . .
[T T Soammes 4

P

f

b i

. .
e

g ¢

«
<l |

-~
1]

t

L] [ ]
rmmuml R '

 {

]
o §

i




-27-

o = Mg x 10°
PM contaminant Mn
where
Mc = mass of gas contaminant per unit volume of loose compact
Mm = mass of metal per unit volume of loose compact
Mmo= @
and T
€ = tap density of powder, grs/cc
For the gas ' '
Mc = PvM
“RT
where
P = total pressure in compact, p Hg
v = free volume per unit volume
f = fractional gas composition, i.e. air - 0.2 0, f=0.2
M = molecular wt. of species, grs/mole
R = gas constant, 82.06 cc-atm/°K
T = absolute temperature, °K

Note tha !
ote that I-Q/Q

v
Q Z true density of metal, grs/cc

Thus _Q'A
p _1.32MPF 1 ; Pinp Hg

pmcontamin::mt RT Q'

The residual pressure for 1 ppm total gas contamination from air may be calculated

using:

Mair? 29 grs/mole
T = 600°K (327°C = 620°F)
e. = 8.0 grs/cc

€-=5 .2 grs/cc
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Then | .
P = 52% 107°P (P, p Hig)
For P =1
pm 4
P=1.9%x10 pHg
2 19 mm Hg

Since the normal total gas content of "good" superalloy powders is of the order
of 50-100 ppm, it is clear that a tesidual compact pressure of 19 mm Hg does

" not appreciably increase that average contamination level above the initial value.
For argon, which ise 1% of air, contamination level is given by

_ -~ -7
P = 7.2%x10 " P (P, p Ha)
PMay

For

P
PAr

P

"
Pt

6

1.4x10
1.8 atm
Since this pressure is greater than 1 atm, it is clear that insufficient evacuation
leading to 1 ppm argon contamination is extremely unlikely.

p Ho

-

3. Although there is no known mechanism by which argon should permeate
defect free carbon or stainless steel, commercial steel products contain a wide
assortment of "defects" including grain boundaries, inclusions, second phases,
dislocation, vacancies, etc. Furthermore, it might be assumed that under the high
pressure v15, 000 psi) and high temperature ( 2200°F) conditions existing ina
hot isostatic press, argon fluid might interact with steel in a sufficiently non-ideal
way to produce new effects. Accordingly, argon permeation as an alternative to
capiilary leaks, was investigated experimentally.

Solid cylindrical bars of low carbon and 304 stainless steel were HIP'ed
at 2100°F, 15,000 psi for 5 hours. Ten successive machine chips .0025"
thick were taken with a lathe off the exterior cylindrical surface of the sample bars.

Chips numbers 1, 2, 3, 5 and 10 were analyzed for argon by a vacuum fusion~

mass spectrometer readout method. Blank samples were taken by the same method




of adjacent bar material not HI P'ed. Results are shown in Figure 3. All sample
levels were above the detectability limit of the equipment at the time analysis was
performed. The only HI P samples appreciably above blank levels were in the first
chips taken .0025" deep in from the outer surface. From .005" in to a depth of
.025" argon samples were substantially independent of depth from the surface. These
data indicate that permeation of argon through "defect free" material does not occur to
depths greater than .005" for the conditions tested. The bhlank values are surprisingly
high but may be traceable cteelmaking practice. On the basis of present data, it is
concluded that since HIP can walls aie generally>» .065" thick and that there is
essentially no argon concentration gradient inside a depth of .005" for low carbon
and stainless steel, the probability of substantial contamination of compacts by
argon permeation of defect free can walls is negligible. Conversely, the use of 1-5 mil
thin wall cans or "coatings" would be questionable on the tasis of present data.
F. Summary

On the basis of theoretical and experimental considerations, the most likely
sources of argon contamination of superalloy powder compacts arise in base argon
content of powder and encapsulation container leaks.
LEAK DETECTION

Table | indicaies that leakage flow rates under oressing conditions (1000 atim)
may be several orders of magnitude greater than under pressure conditions (1 atm)
usually used for leak testing. The sensitivity or detection limit of various leak
checking methods is therefore <ritical in insuring low leakage encapsulation cans.
Guthrie4 has listed the sersitivities or various methods. Several methods rejuire
special operating conditions not easily adaptable to HiP containers. Three methods
and their ¢stimated sensitivities in terms of leak size warrant discussion: 1. Soap
bubbles, 5 x 10-55td cc/sec, 2. Halogen leak detector, loubstd cc/sec, and
3. Helium leak oetector,ﬂlo-lostd cc/sec.

From Table 1. it may be seen that methods (1) and (2) above may be used ta

find 20p capillaries but not 1y (or smaller) capillaries. The helium leak detector
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should find 1p and 0.1y capillaries. Since Table 1l shows that for a 1p (10'4cm)
capillary total leakage flow may significant!y contaminate compacts of all sizes
(see Figure 2), the only method that has useable sensitivity for the problen: is
the helium detaction metiiod.

Leak datection has been fully discussed by Guthries. Maximum sensitivity
of a helium mass spec leak detector is achieved only by operation in the "vacuum
testing” mode (see reference). Briggs and Bumett6 have analyzed the method
whereby a sealed container is exposed to up to 5~1C atmospreres of helium,
The interior "free" volume is thus "charged" and leakage back out after chargirg
is tested. This method would appear ideally suited for sealed HIP containeis.
However, analysis shows that fora 10 1b. (net) powder compact with a real
leak of 10”7 std cc/sec at 1 atm pressure (D=10"% Table 1), powder at an
apparent density of 5.2 grs/cc (8;0 grs/cc fully dense), and detection within
1 second after charging, a charging time of a=17 hours at 150 psi would be required
to generate back leakage just detectable with a helium leak detector (10-115td cc/sec).
The “charging" method for leak detection in sealed HIP capsules cleary has only
limited application for small (a1 Ib.) compacts, and is unsuitable for larger compacts.
EXPERIMENTAL

An experimental study was carried out wherein 72 simali cans embodying

“best practice" test variables of can design, can wall tnickness, material, and
welding technique were filled, welded, leak checked, evacuated, sealed, HIF'ed,
and the IN-100 LC cores analyzed for argon, Figure 4 shows details of the can
designs tested. End plugs for cans in carbun steel were machined from “special
auality” 1117 hot rolled bar which cxperience has shown to have less centerline
purosity than "merchant quality” bar.

Processing sequence included t!.e following:

1, Machine tubes, end plugs and exit tubes :
2. Vapor degrease ;
3. TIG weld in exit tubes

4. H‘.2 anneal welded assembiies (except s:ainless steel) and end plugs, 1700°F,

1 hour.




Insert steel wool exit tube plug

Fill with IN-100 LC R.E.P. powder,~ 27 grs ( .(359 |bs.) per can
Insert end plugs and weld

. Helium mass spec leak check using Varian NRC925 equipment

O O ~N o0 W

Evacuate cold, then heat to =1200°F while continuing evacuatian
10.  Seal exit tube and cut off excess length

11. Hot isostatically press

12.  Machine samples from IN-100 core

13.  Argon analyze using vacuum fusion-mass spec. readout

Figure 5 shows HIP'ed compacts after machining for chemical analysis samples,
Compilation of leak test and argon analysis results is presented in Table IV.
Can type (see Figure 4) and HIP conditions are indicated. A large numoer of cans
were carried through leak testing to citain esiimates of process reproducibility.
A reduced number of argon analyses were run to limit cost.
Expected argon contamination levels for ieakage rates of the order found
experimentally (Table V) were estimated as shown in Table V. As an example
a 1 atm He leak rate of 10'8 std cc/sec should have allowed sufficient argon
leakage flow at 450 atm. to raise the argon level in the 27 gram (net) compact
to 18 ppm, a value well within the detectability limit of the analysis method.
No such high values of argon were found for any samples, a variance from theorctical
expectations, Analytical values of argon were uniformly low and independent of
initial leak rate and pressurization cycle, What is not known, is whether the
measured leakage rates were valid after hot evacuation of the cans at 1200°F
(Step 9 in processing sequence). Since the cans were heated in air, oxidation
occurred and may have acted to seal existing capillary leaks, The theory of argon
leakage thus remains incompletely tested. Nevertheless, the can designs and
process sequences used have been shown to produce "HIP'ed" IN-100 powder

substantially free of argon.
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CONCLUSIONS
Powder manufacturing processes employing argon and container leakage

under high pressure during HIP appear as the primary sources of argon contaniination
of powder compacts. Experiment has indicated the need for further testing of leakage
theory. A "best practice" has been established which yields substantially argon

free compacts by hot isostatic pressing. Related areas of investigation which
require further work include: 1. definition of the precision and accuracy

of analytical methods for argon in superalloy compacts, 2. establishment of
standard reference "knowns" for analysis, and 3. determination of superailoy

property variations as a function of argon content at iow levels (€ 10 ppm).
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- Tabie i

Total Argon Leakage Flow

Qxt, cc-atm

Atrgon, Pl = 1000 atm

D, cm L=1cm L=0.1cm

1000 sec 10,000 sec 1000 sec 10,000 sec
1077 230712 | 2.3q0 1 | 2.3a0tt | 2.3a071°
1076 6.1x107° 6.1x1078 6.1x10°% | 6.1x107
107 5.7x1077 5.7x107% 5.7x00°% | s.7x1073
1074 5.6x107 5.6 5.6 56
1073 5.6x10° 5.6x10% 56 x 10° 56x10%




Table I}

- Argon Anaiysi_s

Argon atomized IN 100 LC, -80 mesh, Mass spec. reédout

Ppm wt
1. Vacuum extraction 15 min @ 2000°F ND 5k
2. Vacuum extraction 15 min @ 2200°F ND 5%
(same sample as 1 above) . :

3.  Vacuum fusion | 1.6 5%
(same sample as 1 and 2 above) . -

* .5 ppm limit of detectability
ND  None detected

Sample sizew1 gram
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B
L —»
Pl = exterior pressure (outside can)
P2 = interior pressure (inside can)
L = capillary length = can wall thickness
D = capillary diameter = "size" of leak
Pl » P2 for cases of interest

Figure 1. ldealized capillary leak.
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o Figure 3. Argon penefrcct,ion in solid
metal ‘v 2100°F, 15,000
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Figure 5. HIP'ed compacts after machining argon analysis samples.
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INTRODUCTION

In this part of the program work was carried out to
develop and evaluate new processes for atomization of metal
powders. A summary of that work is reported here in three
parts:

In Part I results of the investigation evaluating
powders of iron, nickel, and cobalt base alloys made by
different atomization processes are reported. In addition
a heat flow analyais is presented that permits calculation
of solidification times during atomization.

Part II describes a new type of atomization process
developed in this investigation. The process combines fil-
tration of metal alloys with powder production. Experiments
were carried out in a laboratory apparatus with aluminum
alloys. A patent application, #SN 310, 652, based on this
process was filed through the M.I.T. patent office on Nov-
ember 29, 1972.

Part III1 describes a refining process developed in this
program that utilizes atomization to separate segregated liquid
from a partially solidified, vigorously agitated, alloy slurry.

A patent applicaticn, #SN 221,796, based on this process

was filed through the M.I.T. patent office on January 28, 1972.




PART I

ABSTRACT )

Prealloyed powders of Maraging 300, IN-100, and Mar-M-509
alloys made by different atomization techniques are compared :
with respect to chemistry, size, morphology, and microstructure. ']
Depending on the process employed and the size and morphology
of the powders produced, measured oxygen contents and second-
ary dendrite arm spacings vary from 40 p.p.m. to 2000 p.p.m. !
and 2 to 1l5u,respectively. '

For the Maraging 300 alloy the relationship d = 39.8¢"0-30
between secondary dendrite arm spacing, d, and local average
cooling rate, €, is established. A gimple heat flow analysis
is presented which permits calculation of heat transfer co-
efficients and solidification times of powders using this re-,
latlonshlpé For example, a heat transfer coefficient h = 10
cal/cm sec C is calculated for steam atomization of coarse

Maraging 300 alloy powders.
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I. INTRODUCTION

The two important structural parameters influencing pro-
perties of components made by direct casting or via atomization
are grain size and dendrite arm aspacing. While fine grain
size generally improves room temperature properties, large
grains sometimes with gpecified orientaltions, are preferred in
high temperature applications. On the other hand, the den-
dritic structure within the cast grains has as great, or
greater, influerice on properties at all temperatures. Regions
between dendrite arms are usually rich in solute, contain
equilibrium and/or non-equilibrium second phases and micropcr-
osity. With decreasing dendrite arus spacings homogenization
of solute segregation becomes commercially feasible, and
second phases (inclusions and micropcrosity) become finer and
more evenly 4distributed. Ezxperiwental evidence available for
a4 variety of cast alloys indicates that dendrite arm spacing
is influenced only by local average cooling rate or *local soli-
dification time."* Thus, refincment of dendritic structure by
increasing the rate of heat extraction duriag swlidification
of castings has become of foremost importance in solidification
technology.

The most important common advantage of parts produced
by compaction of a.uamized powders over parts direccly cast to

shape is the fine dendritic structures of the powders. New

* "Local solidification time" is Jefined as time at a g. ren loca-
tion in a casting betweer initiation and completion (or near
completion) of solidification. It is inversely proportional
to local average cooling rate at that location.




o
atomization techniques, developed in the past decade, axe ,‘
currently being applied to production of high strength, highly ¥
alloyed materials. Whether the powder metallurgy route will A

succeed in replacing the casting and ingot approach, in these i
more complex alloys, depends on the chemical integrity of

" the powders which influences their subsequent successful con- _i
solidation into fully dense, heat treatable parts.

The aim of this investigation was: (1) to study the -3

relationship between rate of heat extraction during solidification
and structures of atomized powders, and (2) to compare the
structural features and chemical intergrity of highly alloyed |
materials cast by different atomizatiocn processes. The three
alloys studied wexre iron base Maraging 300 alloy, nickel base .l
IN-).00 alloy, and cobalt base MAR-M-509 alloy. In lieu of
direct experimental temperature measurements during solidifica-
tion of atomized powders, solidification times versus powder
particle size are calculated using heat flow expressions coupled
with an experimental relationship developed between local _J
average cooling rates and secondary dendrite arm spacings of
Maraging 300 alloy. Prealloyed powders o’ the three alloys
produced by steam, inert gas, vacuum (soluble gas), rotating 'g

electrode, and spin atomization are compared with respect tc

tl eir chemistry, size, niorpholoyy, and segregate spacings. a
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II. EXPERIMENTAL PROCEDURE

A. Maraging 300 Alloy Cast at Different Cooling Rates

The effect of a range of cooling rates, 0:1°C/sec to
103°C/sec, on the secondary dendrite arm spacings of Maraging
300 alloy was determined. The various cooling rates were
obtained by levitation melting and casting of small droplets

(1 to 2 gramg), unidirectional solidification of a 2.5 Kg ingot,

“and vacuum melting of 700 gram charge in an alumina crucible

and furnace cooling.

Levitation Melting and Casting

Figure 1 is a sketch cf the levitation melter and associated
apparatus. The details of this apparatus have previously been
described (1). Droplets of the Maraging 300 alloy were levi-
tated inside the glass tube in an atmosphere of helium. The
temperature of the droplets was continuously monitored using
a two-color optical pyrometer. The molten levitated droplets
were solidified and cooling rates measured using the following

techniques:

(a) Gas Quenching. With sufficiently high flow rates of

hydrogen or helium, droplets were solidified while levitated.
Measured cooling rates, via the two-color optical pyrometer

were of the order of 1 - 15°C/sec.

(b) 0il Quenching. Somewhat higher cooling rate was ob-

tained by liquid quenching. The liguid quench tank was placed




below the exit port shown in Figure l1; the power to the levi-
tation coil was turned off, and the charge dropped through the
plastic seal into the liquid. A cooling rate of ~140°C/sec
has previously beeﬁ calculated for oil quenching (2).

(¢) Chill Casting. Chill castings in a copper nold with

.plate shaped mold cavity of 0.08" thickness, inserted in the
turntable in the enclosure in Fiqgure 1, were made and cooling
rates on the order of 103°C/sec were measured as previously

described. (1)

Unidirectional Casting

A 2" by 2" by 5" tall unidirectional ingot of the Maraging
300 alloy was cast using a compoéite mold of CO, sand and in-~
sulating molding material, Fiberchrome. A water-cooled stain-
less steel chill was located at the base opening of the mold.
Thermal measurements were made by utilization of four Pt/Pt-10% Rh
silica shielded thermocouples located along the length of the

ingot mold.

Vacuum Melting and Furnace Cooling

Several specimens of Maraging 300 alloy weighing approrimately
700 grams were vacuum melted in an alumina crucible. These
samples were solidified inside the crucible by decreasing the
powar input to the furnace at different rates and temperature
profiles were recorded with a Pt/Pt-10% Rh thermocouple in-

serted in the melt.



B. Atomization Processes

Prealloyed vacuum cast ingots of Maraging 300, IN-100
and MAR-M-5(09 alloys were sent to different commercial establish-
ments for atomization. The powders were made by:

(a) Inert gas atomization. The prealloyed ingot is
vacuum remelted and atomized by a stream of high purity argon
gas.

(b) Rotating electrode process., The end of a consumable
rotating electrode of the alloy is arc melted in an inert at-
mosphere and fine droplets are flung off by centrifugal force.

(c) Spin atomization. A new propriatory process where
atomization is achieved by pressurizing the whole melt as opposed
to disintegration of a liquid~metal stream by a quenching medium.

(d) Steam atomization. The prealloyed ingot is remelted
in an atomsphere and atomized by a stream of low pressure steam.

(e) Vacuum atomization. The remelted alloy is pressurized
and saturated with hydrogen. Atomization is obtained through
a "pressure nozzle" operating between the hydrogen filled
chamber and a vacuum chamber.

Powder particles of the three alloys, made by the different
processes listed above, were analyzed by routine chemical
and vacuum fusion techniques. The powders were also charact-
erized by morphology and size distribution. Finally, standard

optical metallographic and SEM techniques were used to study

internal and surface structures of the powders.




III. RESULTS AND DISCUSSION

A. D.A.S. Versus Cooling Rate

The effect of cooling rate during solidification on
secondary dendrite arm spacings of Maraging 300 alloy is
shown in Figures 2 and 3. Generally for a wide variety of
cast alloys, dendrite arn spacing is found tc ke inversely
proporticnal to local average cooling rate to an exponentf
(or directly prbportional to *"local solidification time" to the

same expodent). (1, 3, 4) The relationship for a given alloy is:

d atf“=b(e)‘“ | (1)

where d is secondary dendrite arm spacing, a and b are con-
stants tg is "local solidification time", ¢ is local average
coooling rate, and the exponent, n, is usually in the range of
1/3 to 1/2.

Figure 2 shows how the microstructure of the Maraging
300 alloy is refined by increasing the local average cooling
rate during solidification. Figure 3 is a plot of the secondary
dendrite arm spacings versus local average cooling rates on a

log~log plot. The exponent, n, in equation (1) determined for

this alloy is 0.30.
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B. Evaluation of Atomized Powders

Powders of the three alloys processed by different
atomization techniques were characterized by chemical purity,
morphology, size, and secondary dendrite arm spacings. Results
of this study are presented in Table I and Figures 4-6. Exam-

ination of this data permits the following observations:

Gas Contents

Powders of all three alloys made by REP, spin, or vacuum
atomization processes have oxygen contents less than 100 ppm.
The argon atomized fine powder is slightly higher in oxygen
content at 170 ppm. It appears that spin atomized powders are
the clegnest with respect to argon, nitrogen, and hydrogen
contents, while, as expected, steam atomization resulted in

the highest oxygen and nitrogen contents.

Powder Size and Morphology

Both the REP and spin atomized powders were spherical
in shape and had relatively narrow size ranges. For example,
in the spin atomized Maraging 300 alloy, median particle size
~430u, 68% by weight of the particles were in the 370 to 490w
size range. Figure 4 shows scanning electron micrograph views
and a photemicrograph of a polished and etched cross-section
of spin atomized Maraging 300 alloy powder. The same type

of smooth, well rounded, and uniform powder particles were
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also obtained in the Mar-M-509 alloy.

The vacuum atomization process, while leading t» pro-
duction of clean powders, Table I, has little control over =
powder shape. The powders consist of spheres and flakes. The
inert gas atomized powders are generally spherical in
shape with finer particles attached to coarser particles.
Figure 5 compares scanning electron micrograph views of re-
presentative powder particles of IN-100 alloy produced by
spin, vacuum, and inert gas atomization processes.

Steam atomization produces coarse, spherical particles,
with some included porositv, in Maraging 300 alloy. However,
it is not é suiteAble process for Mar-M-509 and IN-100 alloys.
The powders of the latter two alloys are hollow spheres and
flakes, and thin sharp flakes, respectively. The flakiness
of the powders is caused by the high surface oxidation of the
broken liquid streams preventing their supsequent spherodi-

zation by surface tension forces.

Dendrite Arm Spacing

Figure 6 shows the measured secondary dendrite arm
spacings in the Maraging 300 alloy powders obtained by dif-
ferent atomization p.uceszes. As expected, local average
cooling rate, hence measura2d secondary dendrite awm spacing,
is influenced primarily by the size of the particles, and

to a lesser extent the coolant environment employed. For
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example, average secondary dendrite arm spacings in spin

and vacuum atomized powders is +5u, and in coarse powders
made by steam or argon atomization, it is ~10p (see Table I
for powder particle sizes). Results of dendrite arm spacing
measurements in both the IN-100 and the Mar-M-509 alloys

show the same trend.

¢C. Heat Flow During Atomization

During solidification of small spherical alloy droplets
“heat flow is interface controlled. Using Newton's law of
cooling, coupled with an overall heat balance, equations (Al)
and (A2) ir the Appendix, an expression for radial fraction

liquid remaining in a solidifying droplet versus time is

obtained:
1/3
r/R = (1-Ct} (2)
where:
3h(T,~T )
¢ —moE (3)
Pg

Volume fraction liqguid remaining is then equal to 1-Ct.
All the terms in equations (2) and (3) are defined in the
Appendix.

The combined radiation and convection heat transfer

coefficient in equation (3) can be calculated asing equation

(nl) in the Appendix and data generated in Figure 3. }ur




example, for the Maraging 300 alloy, measured secondary o)
dendrite arm spacing of a steam atomized droplet, 1 mm in y'
diameter, is ~7p. From Figure 3 the corresponding cooling

3o

rate is 410°°C/sec. Using the values of Fe-25%Ni alloy (1, N

2) foxr p, and Cp, and an atomization temperature of 1500°C,

2 cal/cm2 sec®C is calculated. !

the value of h=10"

Knowing the value of the heat transfer coefficient per- 1
mits prediction of solidification time from equations
(2) and (3). Figure 7 shows, for Maraging 300 alloy, cal- ;7
culated plots of radial and volume fractions solidified |
versus time for different size particles.

The liquidus temperatures of the alloys used in this
study are high enough that most heat flow during solidifica-
tion is by radiation. To estimate contribution of radiation
cooling to the heat transfer coefficient, equations developed
by Szekely and Fisher (6) are used in the Appendix. As
expected contribution of radiation to the heat transfer co-
efficient, at a given temperature, is dependent on the emis-
sivity of the droplet. The emissivity may vary from 0.5 to
0.95 depending on whether the surface of the droplet is oxi-
dized or not (7). For an emissivity value of 0.8 for Maraging

3 cal/cmz-

300 alloy a heat transfer coefficient of h = 6.65x10
sec’C is calculated. Hence, radiation cooling is 66% of the
total for the case considered.

In general, heat transfer coefficient, h, during atomi-

zation is influenced by convection, type of coolant employed,
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interaction of the coolant with surface of the sample, and
temperature. A change in ccoolant environment, resulting

in a sudden change in the heat transfer coefficient, can
lead to duplex dendritic structures in powder particles.
Figure 8(a) shows a portion of a steam atomized coarse pow-
der of Maraging 300 alloy with the finer dendrites on the
outside layer of the droplet and the coarser on the inside.
It appears that the particle was only partially solidified
in flight. The c¢oarser structure must have resulted from
stagnant steam formation around the particle as it completed
solidifying in the guench water bath below. A second type
of structural peculiarity caused by uneven rate of heat ex-
traction from the surface of a solidifying powder particle
is shown in Figure 8(b). In this case a large grain must
have solidified from one side of the particle. Intersection
of the polished surface with the convex interface of this
grain has resulted in the structure observed.

Whether heat removal during solidification is ccntrolled
by convection or radiation, a value for the heat transfer
coefficient and hence solidification time can be calculated
following the procedure outlined here. Atomized droplets
generally solidify in a "mushy" manner, rather than the plane
front solidification assumed herein. The corn-on-the-cob
surface of the spin atomized powder in Figure 4 (b) is due to

existing liquid at the droplet surface feeding shrinkage

near the end of solidification.
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Iv. CONCLUSIONS

1. Secondary dendrite arm spacing in Maraging 300 alloy is
proportional to local average cooling rate to an ex-
ponent of -0.30.

A2. Prealloyed powders of Maraging 300, IN-100, and Mar-M-509
alloys were spheres and/or flakes of 75 to 2500u in average
size, had oxygen contents of 40 p.p.m. to 2000 p.p.m. and
dendrite arm spacings of 2 to 15u, depending on the at-
omization process.

3. REP, spin, and vacuum atomized powders have oxygen contents
consistently less than 100 p.p.m.. The first two are spheri-
cal in shape with relatively narrow size ranges. Vacuum
atomization while lending to production of clean powders
has little control over powder shape.

4. An empirical relationship between secondary dendrite arm
spacings and cooling rates coupled with a simple heat flow
analysis permits accurate estimates of heat transfer co-
efficients and cooling rates during atomization.

5. Cooling rates during atomization of Maraging 300 alloy by

40

different processes are in the range of mlO2 to ~10 C/sec

with resulting dendrite arm spacings of 4 to 13u. Calculated

heat transfer coefficient for steam atomization of the alloy

is 1072 cal/cmzsecoc.
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APPENDIX _i

Heat Flow During Atomization .

Newton's law of cooling for a small gpherical droplet i\

of radius R with "h controlled" heat transfer is written:

- 2 _ - 3, 4T
Q) g = 4"R7h(T-T)) = 4/3nR qut (Al)
i
where; q = rate of heat flow at the droplet-coolant medium .

interface, cal/sec .!
= yadius of the droplet, cm

temperature of the droplet, ¢

LT T~
i

= medium temperature, O¢
p = density of the alloy, g/cm3
C = specific heat of the alloy, cal/goc

h = heat transfer coefficient, radiation plus con-

vection, cal/cmzsecoc
dT/dt = ¢ = cooling rate at temperature T, Oc/sec
Assuming that the rate of heat extraction during solidifi-
cation is the game as during cooling of the droplet prior to

solidification, the following heat balance can be established:

3 dT _
Cppa—g =

o]

-anr?o m I a2

2 -
4R h(TM To) = 4/31R It

where:
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T, = melting temperature of the droplet, %

M
r = radial position of the solid front, cm
H = latent heat of fusion, cal/g
dr/dt = solidification velocity, negative, cm/sec

Equation (A2) further assumes that the size of the mushy
zone in the alloy is small enough that solidification essentially
takes place at a single temperature, With initial boundary

conditions of r=R, at t=0, equation (A2) is integrated to

obtain:
1/3
r/R ={ 1-Ct } (a3)
where:
3h(T,,-T )
C = M o (A4)

RpSH
For complete solidification of the droplet, r=0 and tf=l/C.
Szekely and Fisher (6) have used a similar approach by
considering heat flow due to radiation only. Using Stefan's
law of radiation, equation (A3) still applies, with a new
constant:

4 4
30e(TM —T0 )

c' = Re H (A5)

where:

i

i) Boltzmann's constant

e emissivity

This new constant, C', is the equivalent of C, if the

combined convection plus radiation transfer coefficient in




equation (A4) is replaced by: -i

2y (A6) | |

= 2
oe (TM'HI.‘O) (‘1‘M -MIZ'o

hrad
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CHARGE EXIT PORT-

PLASTIC SHEET SEAL

FPigure 1. Sketch of levitation melting and casting apparatus.
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Figure 4, $pin atomized powders of Maraging 300 stcel alioy; (a) and (b) are SEM
micrograph views at 19X and 240X, r.ospectively, (c¢) is a photomicrograph
of a polished and etched vcross—scction at 200N,




Figure 5. SEM micrograph views of atomized powder particles of IN-100 alloy; (a) and
(b) show spin atomized powders at 56X and 215X, respectively, (c) and (d)
show vacuum atomized powders at 57X and 22 5X, respectively, (e} and (f)
show inert gas atomized fine powders at 210X and 1050X, respectively.
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Figure 8, Photomicrographs showing examples of duplex den-

(a) steam atomized coarse powder of Maraging 300
steel alloy at 75X, (b) spin atomized powder of

dritic structures obtained in atomized powders;
IN-100 alloy at 200X,

L g




PART I1

ABSTRACT

A laboratcry apparatus was constructed to atomize metal
alloys by forcing them through sintered cecamic disc filters.
The process combines filtration of oxides and/or undesirable
second phase particles with atomization. Pure aluminum and
7075 aluminum alloy were atomized using sintered Al,0. and
Si0, disc filters with average pore sizes in the raggg of 30
to iSOu. Effect of experimental variables on the formation,
and size distribution of spherical powders were determined.
Spherical powders, 150 to 2000y in size, of 7075 aluminum
alloy with secondary D.A.S. spacings between 4 - 8u, were
cold compacted and extruded into a billet. Room temperature
longitudinal properties of the billet in T6 condition were:
¥.5. 80 Ksi, U.T.S. 94.3 Ksi, Elongation 15% and R.A. 42%.




I. INTRODUCTION

A new type of atomization process that combines fil-
tration of metai alloys with powder production will be des-
cribed. The process entails atomization of an alloy by forc-
ing it through porouus ceramic filters. Experiments were
carried out on aluminum alloys to determine the governing
parameters of the process. An extrusion billet made

from these powders was tested for mechanical propertieé.

In gereral, for production of high quality powders of
many alloys (iron, cobalt. and nickel-base superalloys being
examples), surface oxides are undesirable because they cause

poor bonding of the particles. 1Inert gas .or hydrogen entrapped
as porosity is undesirable becausé it is compacted in high
temperature and hot pressurized and can subsequently expand
in service at high temperature leading to failure of the
material. Secondary particles formed in the melt, such as
inclusions, are undesirable bacause they too result in lower
mechanical properties of the final part.

Of all the various powder manufacturing processes avail-
able the particular procesgs to be described is unique because:
(i) filtration of undesired oxides, inclusions, and foreign

particles occurs prior to powder drop formation, and (ii) the

process can be carried out in high vacuum.




-76-

II. APPARATUS AND PROCEDURE

A schamatic of the apparatus for the production of metal
powders through ceramic filters is shown in Figure 1. It con-
gists of a pressure vessel within which a graphite crucible
is placed containing the metal charge and a filter assembly
located below the charge. Tlie crucible is covered with an
insulating shield made out of fiberfrax. RF induction heating
is employed withi: the chamber. The chamber is 10" in dia-
meter by 8" high. It is placed at a height of 7 to 8 feet
to allow a long enough freefall distance for the metal powders
to solidify. The iiquid retal, which is melted in situ, is
atomized by pressuring the chamber with an inert gas.

The crucible is mounted on the base of the chamber by
six stainless steel bolts utilizing an asbestos insulating
gasket. With this construction, upon pressurization, the
crucible is under pressure from all sides except the bottom,
and a pressure differential is sat within the crucible between
the melt and the lower chamber.

The filter media employed {(sintered discs of alumina orx
quartz) is completely contained within a graphite filter as-
sembly, which in turn is mounted in the crucible with a taper
fit. Hencc, pressurization of the top of the melt forces liquid
metal down through the filter, Figure 1.

Other specific features of the assembly shown in Figure

1 include the following:
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l. An inflow and outflow valve, incorporating a pressure
gauge is located on top of the chamber.

2. The chamber is connected to a vacuum pump through
a % inch diameter pipe.

3. The copper coils for the RF heating are arranged so
that a uniform temperature profile exists along the entire
length of the filter container assembly.

4. A thermocouple feed through is Jocated on the side
of the chamber to permit measurement of the melt temperature.

Experiments were done with 99.99% aluminum and 7075
aluminum alloy of 7.3%2n-3,28Mg-23Cu-0.25%Cr nominal composi-
tion. Filter materials were A1203 porous disc filters of
87-100u and 31-36p pore sizes and sintered quart; discs of
90-150p and 40-90u pore sizes.

The procedure was to melt about 200 grams of the alloy in
a nitrogen atmosphere and superheat it to 800°cC. The power
was then gradually decreased reducing the melt temperature to

a predetermined level, T The pressure above the melt was

P
gradually increased until metal drops (powders) started to
exit from the filter. The procedure employed and the tempera-
tures and pressures used are listed in Table I. Size dis-
tribution curves of the resulting powders obtained from the
various filters were determined by sizing (sieve analysis) and
weighing of the powders.

Pound lots of spherical powders and flakes were produced

nugsing various filters as described above. The spherical



powders of the 7075 alloy were cold compacted under 20,000 psi
pressure into a 3 inch O0.D. by 2 inch 1I.D. 6061-T6é aluminum
can . This extrusion billet was heated to a solutionizing
temperature of 476°C, held there for one hour and furnace
cooled. Subsequently it was sealed, soaked at 300°C for

4 hours and extruded at the same temperature at a reduction
ratio of 20 to 1.

Ten tensile test specimens were machined from the billet.

These were solutionized at 475°C for 2 hours and aged at 129°¢C

for 24 hours prior to testing.

III. RESULTS AND DISCUSSION

A. Powder Formation

An SEM view of spherical metal drops (powders) emerging
from the pores of a sintered A1203 disc, with an average pore
size of 87-100u, is shown in Figure 2(a). The neck region
of one of the powders is shown in Figure 2(b). The exiting
stream of liquid metal becomes spherical in shape due to sur-
face tension forces, and subsequently drop detachment occurs.
Hauser and Edgerton (1) have investigated the steps of forma-
tion and detachment cf drops from the end of vertical tubes.
They show that a waist forms first and rapidly necks down into

a stem which then breaks off close to the top of the drop.




Harkins and Brown (2) have derived an expression for drop
formation using a force balance between gravity and surface
tension. These types of analyses, however, do not take into
account formation of an oxide skin or solidification of the
droplet.

Experimental observations showed that successful formation
of spherical powder particles depends on detachment of the
liquid drops from the filter prior to growth and cocalescence
of adjacent drops. Conditions. that permit liquid drops exiting
from adjacent pores to coalesce result in formation of large
liguid drops that do not completely solidify in flight and splat
in the éollector container. The different variables that
affect formation and subsequent solidification of the powder
particles are; (a) pressure differential across the ceramic
filter, (b) superheat in the melt, (c¢) the wetting angle between
the melt and the ceramic filter, and (d) the average pore size

of the ceramic filter.

Pressure

A large number of available pores in the bottom of the
filter are not utilized during drop (powder) formation, Figures
3(a) and (b). Ligquid metal preferentially flows through
paths of least resistance, causing a channeling phenomenon to
occur. Increasing the pressure differential leads to utilization

of a greater number of noses. However, increasing the pressure




hzad, above a critical maximum causes consolidation of drops
from adjacern . pores {i.e., lese than one drop diameter apart),
Figures 3(c). In the 3xtreme case, consolidation of many
liquad drops results in formation of large drops, or streams,
which do not completely solidify in flight and splat against

" the collection container forming flakes.

Superheat

Direct coservations of drop formation through magnifying
lenses located below the filter, have shown that formation of
consolidated large drops, or streams, can be correlated to
superheat in the melt. In general, increasing the superheat
in the melt results in formation of larger drops before detach-
mént from the filter occurs. Sieve analysis of spherical pow-
ders of 7075 aluminum alloy produced in Runs #9 and #14, Table
I, verify these observations. Figures 4(a) and 4(b) show the
size distributions of the resulting powders from Run #9 (TF=

700°C)and Run # 14 (TF=742°C), respectively.

Wetting

Increaced wetting between the ceramic filter and the
molten alloy has an adverse effect on successful production of
spherical powders. It was found that A1203 filters were more
amenable to atomization than the SiO2 filters. 8i0, filters
of 90-15Cy pore size were used in Run # 6 (Tf=769°C) and Run # 7

(TF=650°C), Table I. In botn runs large drops of the 7075 alloy

were formed, which ir uvirn splatted against the collection con-




tainer below. Liguid aluminum wets Sio2 much more readily
than it does A1203 (3). Hence, liquid drops spread out more
easily on the SiO2 filters, leading to formation of consoli-

dated drops.

Filter Pore Size

The diameter of atomized powders decrecase with decreasing
average pore size of the filters used. As expected, pressure
differentials required are higher for the finer pore filters,
Run & 2, Table I. 4

One of the attractive features of this process is that
filtration and drop {(powder) formation occur simultaneously.

Figure 5 shows the oxide "cake" retained cbove a sintered disc

filter during atomization c¢f 7075 aluminum alloy.

B. Structures of Atomized Fowders

Figures 6(a) and 6{b) show SEM views of 150 to 300u size
pure aluminum powders obtained ir. Run #1, Table I. The powders
are generally spherical in shape. Occasionally powders with
stems or tips not completely detached were also observed,
Figure 7(a). At a higher magnification, surface irregularities
such as ripples, folds, and waves are observed, Figure 7.

These are caused when the initial oxide layer tries to accommo-
date deformation experienced by the Adrop as solidification,
shrinkage, and flight instabilities occur. Figure 6(c) shows a

representative microstructure.

Figures 8(a) and 8(b) show SEM views of the 7075 aluwninum
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-alloy powders. Figure B(c) shcws a photomicrograph of a
polished and etched cross-section. These are representative
structures of the powders that were qold compacted and hot
extruded into a billet. Measured secondary dendrite arm
gpacings were between 4 - 8y, indicating cooling rate of

- 2103%C/gec (4).

C. Extrusion Billets

Spherical powders of the 7075 aluminum alloy ranging
in size from 100u to 2000u, obtained with the A1203 filters
were cold compacted and hot extruded into a billet. The
billet was heat treated to a Té condition as previously des~-
cribed. The transverse and longitudinal microstructures of
the extruded billet are shown in Figure 9,

Room temperature average tensile properties, from multi-

ple tests in the lingitudinal direction, were: Y.S.=80 Ksi,

Urs = 94.3 Ksi, Elongation = 15%, R.A. = 42%.
IV. CONCLUSIONS
1. A rnew laboratory process for production of metal alloy

powders was developed. The process combines filtration

of oxides and undesirable second phases with atomization.

2. Pure aluminum and 7075 aluminum alloy were atomized by




forcing them through sintered A1203 and Sio2 disc filters

with pore sizes in the range of 30 to 150u. The A1203 fil-

| ters were found to be more amenable to successful droplet

formation.

For a given sintered disc filter successful formation of
metal powders below the filte; depends on the applied pres-
sure. Pressures used in this study were in the range of

2 - 6 psi. |

Size range of powders is influenced by the amount of super-
heat in the melt. Incfeasing superheat results in forma-
tion ofrlarger powders.rr -

The longitudinal room temperature tensile properties of a
7075-T6 extrusion made from the atomized powders were:

Y.S. = 80 Ksi, U.T.S. ¥ 94.3 Ksi, Elongation = 15%, R.A. =

42%.
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LIST OF ATOMIZATION EXPERIMENTS

pressure
sintered filters T alloy applied
run # used F used (psi)
1 AL, 87-100 710°%¢  99.99% Al 7-8 then
lowered
to 4-5
2 Al,0,, 31-36u 840°% 7075 7-14
3 Al,0,, 87-1004 756.5°C 7075 3-5
A1,0,, 87-100y, '
previously o
infiltrated ’ 732.5°C 7075 3-5
5 A1,0,, 87-100u 760°C 7075 3-5
6 §i0,, 90-15Cu - 769°C 7075 2-4 and
B ~ _ ~10-14
7 $i0,, 90-150u ’ 650°C 7075 3-4 .
8 A1,0,, 87-100u 697°% 7075 | 0-6
previously _ o
 infiltrated 700° 7075 5-6
10 A1,0,, 87-1001,
previously o
infiltrated 721% 7075 5-6
11 $10,, 90-150u 685°C 7075 3-5
filter as in runs § °
10-12 742°¢ 7075 5-6
13 Al1,0,, 87-100u 742°% 7075 0-7
14 Al,0,, 87-100y,
previously
infiltrated, filter °
from rur #15 742°C 7075 4-5
15 Al,0,, 87-100u 700°¢ 99.99% Al 7, then
lowered
to 4-5
16 Al,0,, 87-100u 700°c  99.99% Al 7, then
lcwered
to 4-5
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Figure 2. SEM view of pure aluminum powders emerging from
a sintered Alp03 filter, Run #1; (a) 23X, (b) 208X,




Figure 3, SEM view of pure aluminum powders emerging from
a sintered Aly04 filter; (a) and (b) are from
Run 15 at 20X and 90X, respectively, (c; is from
Run #16 at 75X.
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Figure 5. Photomicrograph showing filtration of aluminum oxide
from a 7075 aluminum alloy melt.




Figure 6. Structures of atomized pure aluminum powders made in
Run #1: (a) and (b) are SEM views of different size
powders at 50X, (c) is a representative microstructure
of the powders.
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and (b) are SEM views
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(a)
is a photomicrograph of a polished and

respectively, (c)

Atomized powder of 7075 aluminum alloy from Run #14;

etched cross-section at 100X.

at 110X and 200X,

Figure 8.




T6 extrusion made from atomized
{a) and (b) are transverse
respectively.

100X;

longitudinal cross-sections,

Microstructure of 7075
anc

spherical powders,

Figure 9.




PART IIXI

REFINING BY PARTIAL SOLIDIFICATION

A major technical difficulty in refining processes

which employ partial solidification when solidification is
dendritic,ris that the segregated liquid is interspersed on
such a fine scale in interdendritic spaces that it is dif-
ficult to remove from the dendritic solid. 1In this note we
describe two refining processes which employ the basic find-
ing that metal alloys behave as a highly fluid slurry when
they are as much as half solid, provided they are vigorously
agitated during solidification (l1). The solid particles that
form during solidification are, or approach, small spheircids.
The fine dendritic structure is absent and the segregated
liquid can be easily and efficiently separated frum the
solid.

The technical and patent literature describes various
processes for refining metal alloys which employ partial
solidification followed by separation of liquid and solid
phases. When the volume fraction solid is small and it ic

in particulate form, for example, oxides and nonmetallics in




aluminum or Fe-Sn intermetallic in molten tin, separation
can be accomplished by filtration techniques(z-‘). In usual
solidification processes, however, at volume fractions solid
greater than 0.20 a dendritic network forms and the inter-
dendritic liquid is made to flow out of this network by cen-
trifugation or other techniques. The United States Bureau
of Mines has applied centrifugal separation to the refining

(5.6) Singleton and Robinson”) save

of tin and zinc alloys
described a process in which an aluminum-silicon melf is
partially solidified in a centiifuge and the interdendritic
'liquid is made to flow_radially outward. In other'proposed
processes, a local portion of a melt is partly solidified
‘while the bulk remains liguid. This liquid is then stirred
with the effect that some of the interdendritic enriched
liquid is washed out from the partially solidified region
into the bulk liquid(s-ll).

In both processes described here the metal is partially
solidified while it is vigorously agitated by one or more
rotating blades, Figure 1. As distinct from some of the

(8-11) it is not simply the bulk liquid

processes listed above,
that is agitated, but the entire liquid-solid mixture. The
combination of the vigorous agitation and relatively slow
rate of heat removal from the solidifying slurrzy causes it to
be essentially isothermal and to have a uniform distribution

of primary solid particles in -the segregated liquid. In one

case, the particulate solid is separated from the liquid by
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atopization of the liquid-solid slurry. In the other case,
this separation is achieved by preferential draining of the
liquid from the slurry.

In the first process, shown in Figure la, a propeller
located at the bottom of the mixer blades, forces both the
solid and the liquid through the bottom hole of the crucible.
The stream of the liquid-solid alloy is struck by jets of
air or inert gas. The portion of the stream that is liquid
is atomized to very fine droplets. The portion that is
solid remains at its size when struck by the jets. Refining.
is now accomplished by simple size fractionation of the
resulting particulate alloy. Figure 2 shows graphically
results of one test on a Sn-~15% Pb alloy. Note the smaller
particles are gignificantly enxiched in alloy element.

In the second process, shown in Figure 1lb, the thixo-
tropic behavior of the slurry is used so the metal alloy
“filters"” itself. Due to the thixotropic nature 2f the

liquid-solid slurry,(l)

the primary solid particles weld

and wedge together in locations where the slurry is not
subjected to high rates of shear. Hence, the bath in the
immediate vicinity of an orifice is not agitated, or is only
gently agitated. Here, the solid forms an interconnecting
network and acts as a filter, letting liquid pass but holding

back solid. The stream passing out is now highly segregated

liquid. Gravity is ample pressure required to make this



process work because the bulk of the material present behaves
as a fluid slurry. Surface tension does not impede removal
of the liquid since surface is not being created during its
removal, as it wouid be if the liquid were being drained from
interdendritic spaces. Table I summarizes some experiments
on the hyper-eutectic aluminum~silicon alloy containing
~iron and titanium demonstrating the feasibility of this pro-
cess. This alloy was that employed by Singleton and Robin-
gson (7) in their refining experiments using a centrifugal
separation technique. The drained liquid is significantly
lowered in 511 solute elements present, and its composiéion
is in good agreement with that previously reported (7). 1In
the general case, the liquid removed will be either enriched
or depleted in alloy elements, depending on the nature of
the phase diagram of the alloy.
While the two refining processes described in this note
are batch type, improved economics coculd be obtained by dev-

eloping similar processes that operate continuously.
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TABLE I
Refining of an Aluminum Alloy By

- Gravity Draining of the Aluminum-Rich Liguid

~Silicon Iron Titanium
(wt pct) {(wt pct) (wt t

Initial Composition . -30 6 1

Drained Liquid
Composition at 750°C 22.6 4.65 0.43

Drained Liquid
Composition at 600°C 13.1 1.77 0.15
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In both processes, partial solidification

Separation of solid from liquid in the slurry is achieved

by: (a) atcmization, (b) preferential draining of the liquid.

Schematic illustration of two Rheorefining processes.

is accompanied by vigorous agitation.

Figure 1.
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Figure 2. Composition versus powder mesh size of Sn-15% Pb alloy Rheorefined
by atomization at 0.4 fraction solid.
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LIQUID METAL ATOMIZATION FOR HOT WORKING PREFORMS
N.J. Grant and R.M. Pellgux

Abstract

Rapid quenching of a liquid metal by atomization or splat cooling
overcomes the major limitation of most solidification processes; namely,
the segregation of alloying elements, impurities and constituent phases.
The cooling rates of ditferent atomizing processes are related to the
dendrite arm spacings and to the microstructure of the atomized powders.
The increased solubility 1imits and the formation of metastable compounds
in splat cooled alloys are discussed. Consolidation of the powders by hot
isostatic compaction, hot extrusion or hot forging and rolling processes
yield billets with properties equivalent or better than the wrought alloys.
The application of this powder processing technology to high performance
alloys 1s reviewed. : , o



I. Introduction
Today powder metallurgy is taking on a new meaning: the demand i3
for fully dense materials in low, intermediate or high alloy classes, fully

' heat treated with hot or cold worked structures. The requirements for
higher tonnages of powders has encouraged a multitude of atomfzation
v processes, some of which offer real promise for production of high quality

powders at costs which can be competitive with the similar alloys produced
by ingot technology.
A 1ist of the different atomization processes includes:

a) high pressure afr and water atomization

bj low pressure steam atomization for coarse powders
: c) inert gas atomization by argon or helium or nitrogen
' d) rotating electrode atomization of high alloy materials in an inert
. - gas atmosphere
, e) soluble gas (usually hydrogen) atomization in a vacuum

f) ultrasonic atomization

g) magnetic atomization

h) splat cooling or rapid quenching of small 1liquid metal drOplets

against a high conductivity metallic substrate
Emerging from the 1ist of atomization techniques is the awareness of
' an important feature of the process; namely, the relatively rapid to
' extremely rapid cooling rates of the liquid metal. These high cooling
. rates diminish or overcome the major faults of most solidification
j processes; namely, the segregation of alloying elements, impurities, and
all excess phases, and they prevent the formation of a very coarse dendrite

| and grain structure which is difficult to hot work, or to work at all.

II. Cooling Rates and Solidification Structures
\ Figure 1 shows the effect of cooling rate on dendrite arm spacing
(DAS) for aluminum(]). and the degree of structure control which is attain-
; able through various atomization methods. The similar curve for copper is
steeper, but less well defined(z). For highly alloyed materials, the curve
r can be expected to flatten because of the lower thermal conductivity of the
* 1iquid metal.
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"At the one extreme, ingot cooling rates lead to coarse grain size and
large dendrite arm spacing, coarse inclusions and second phase particles;
furthermore, large ingots always show significant porosity and a severe
three-dimensional segregation pattern. With inexpensive, relatively
plastic alloys these faults can be tolerated and largely corrected by
working and homogenization of the end product.

Before looking at some of the improvements in the control of the
structure and properties of actual alloy systems, it is worthwhile to
consider rapid quenching of 1iquid metals somewhat more broadly.

It was only about ten years ago that Professor Pol Duwez(3'5) and
co-workers re-examined and significantly advanced the state of the art
and potential of splat cooling. Shortly thereafter, Predecki, Mullendore
and Grant(7) found experimentally that the cooling rates attainable in
splat cooling, were 107 to 10® °C/sec. These measurements were supported
by calculations and by a calibration of cooling rate data suggested by
Dean(e). Matyja, et.aI.(1) confirmed the extrapolated cooling rate data
shown in Figure 1. A similar curve has now been measured for Cu base
~alloys 2) and further calculations have confirmed the approximate maximum
cooling rates attainable(g"]z).

At cooling rates greater than about 10€ “C/sec it is possible to
change the solute solubility limit by an order of magnitude(13’]4) (see
Giessen(ls)) and to form metastable compounds(]5>. The size of non-
equilibrium phases and of inclusion particles are also refined by order

of magnitude. Cooling rates as high as 107 to 10° °C/sec can result in
grain sizes of less than 0.01 microns(ls"la). or in amorphous structures

In the ultimate case of amorphous structures retained from the liquid
phase, all segregation is essentially prevented. Unfortunately, to achieve
these cooling rates, the resultant splats are only 0.1 to 10 microns thick;
the foils are irregular, difficult to process and to consolidate, and they
will react with the ambiant atmosphere. The finished product would be
expensive to say the least.

Consider, however, the central portion of Figure 1, where practical,
feasible cooling rates are attainable for commercial atomized powders.

(19-23).
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The cooling rate and DAS areas for each class of atomization depend on the
powder diameter, conductivity of the atomized metal, and quench capacity of
the coolant. For finely atomized powders gas atomization will result in
DAS values of about 10 microns in the case of aluminum. Water (or steam)
atomization offers further structure refinements. By quenching against a
metallic substrate, coarse flakes 50 microns thick by several millimeters
in diameter can be produced with DAS values as small as one micron. This
atomization against a cold metallic substrate is relatively new, but suc-
cessful trials have been reported using rotating discs, or copper
ro]]s(z’]]’24) as the substrate.

- 111, Powder Cleanliness

The contamination of the atomized powders will be critical since large
surface areas are generated in most of the atomization processes. The
inert gas methods, assuming suitable control of gas purity, result in only
small increases in oxygen content. In the case of argon atomization of
superalloys, the oxygen content increases from that of the vacuum master
melt, which is typically 30 to 75 ppm, to a final content of 50 to 125 ppm
depending upon the leak rate of the atomizing system.

The rotating electrode atomization method 25) results in an increase
of less than 25 ppm oxygen over that of the electrode material because the
alloy is in the molten state for a very short time.

In splat cooling coarse powders in air, the oxygen content increases
by several hundred ppm in spite of the relatively short exp:sure times in
the oxidizing atmosphere. Because of the large surfaces prcduced by splat
cool ing methods, inert gas atmospheres will be required.

The water and steam atomization of superalloys to produce coarse
powders (0.4 to 4 mm diameter) result in extensive oxidation with oxygen
content of 3000 to 4000 ppm. Nevertheless, if the resultant particles are
spherical in nature, without folds or creases, this oxygen content,which
is largely on the surface, can be lowered to 200 to 300 ppm by chemical
cleaning of the powders. For instance, cobalt base superalloys strength-
ened by high carbon content, and high alloy iron base materials (tool
steels, high speed tool steels, stainless steels), are successfully steam
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atomized provided they are free of significant amounts of Al, Ti, and Zr.
The powders can then be mechanically and chemically cleaned to achieve
oxygen contents of less than about 300 ppm.

The obvious advantage of water or steam atomization, wherever it can
be used, is in the large cost savings. Finally, since all or most atomized
materials are re-exposed to the ambiant atmosphere during storage, handling,
and processing the oxygen content will increase to the detriment of the
final product. A vacuum degassing of the powders in a temperature range
from 500 to 1000°F prior to consolidation appears to be a general processing
requirement.

IV. Powder Consolidation

The powders must be consolidated into fully dense bodies to achieve
strength, toughness, and ductility. The higher the quench rates utilized
to produce the powders, especially at rates greater than about 10° °C/sec
(see Figure 1), the greater is the tendency for structural changes to take
place during consolidation and processing of the compact or bloom. In the
case of splat cooled powders these changes may call for selection of hot
pressing temperatures and extrusion or rolling temperatures which will
produce the desired structures and properties.

In general, the pattern of processes which is emerging for consoli-
dation and densification are the following:

a) Forging and rolling preforms - These may be prepared by cold pressing
and sintering, hot mechanical pressing, and to a Tesser extent by hot
isostatic pressing; the preform is generally not fully dense. This process
looks attractive for ironand steel powder parts for the large market areas
of automotive parts, household appliances, and general hardware.

b) Hot isostatic pressing (HIP) - Growing in parallel with developments

in high alloy powder atomization, this excellent densification metnod should
be able to provide suitably large ingots to campete on a commercial basis
with ingot practice for forging. The powder must be s“eathed in an evacuated
container for compaction by HIP. Maximum pressures are about 30,000 psi
(2000 atmospheres) at temperatures as high as 1425°C. The working volume
for this temperature and pressure level 1is a chamber about 14 inches in
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diameter by about 40 inches high. Larger pressing units are technologically
feasible and can be made as soon as there is a demand; cost per pound of
material 1in such large units is attractive for high alloy materials.

Billet compacts, preforms, dies, vanes and blades for jet engines can be
manufactured by this process.

c) Hot extrusion and other hot working processes - Powders may also be
packed into containers without cold or hot pressing, evacuated, sealed and
then hot extruded at some nominal extrusion ratio (from 6 to T to 20 to 1)
to achieve full densification. Hot extrusion is preferred to furaing or
rolling of canned powders, but it is usually limited by the minimum extru-
sion ratio and by the capacity of the extrusion press. On the average, lower
temperatures can be used for hot extrusion of powders than is necessary for
-extrusion of solid compacts or ingot or bloom sections, thus the micro-
structure refinements can be more easily retained.

V.  Structure and Properties of Alloys Processed from Quenched Powders

In the discussion which follows, the structures and properties of
several commercial, semi-commercial, or experimental powder alloy products
made of powders solidified at rates from 102 to 10° °C/sec will be examined.
These cooling rates encompass rates achieved by gas atomization, steam
atomization, and metal substrate atomization.

A. Aluminum Alloys

Binary aluminum alloys, splat cooled to achieve cocl?ng rates of about
10°% °C/sec show large increases in solid solubility. Table I shows the
ncrease for 7 binary al]oys(]3'26). Suppression of precipitation during
solidification beyond the maximum solubility limit in each of these systems
opens the possibility of the development of precipitation hardening; in the
case of the Al-Cu system, one gains the possibility of increasing the amount
of finely dispersed ageing phase by a factor of 2 to 7.

1. Al-Si Alloy - The potential of this class of alloy was demorctrated
by splat quenching up to 1000 gram melts against a rotating copper disc of
an A1-7% Si alloy(16). The DAS indicated a quench rate of 10* to 10° °C/
sec, with tne silicon content precipitated as submicron particles. Tha

foils, measuring about 50 microns in thickness by 10 mm in the other
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dimensions, were canned, evacuated and hot extruded at only 300°C. Table !
11 compares the properties of this binary alloy against those of a com-
mercial 5¢ St alloy (No. 43) in 3 cast conditions. In addition to an inc-
rease in yield strength, the ductility of the cast alloy is 3 to 6 times
greater than that for the cast commercial material,

Significant coarsening of the silicon precipitate did not occur at
temperatures less than 400°C, thus showing that the structure is resistant
to overaging.

2. Aluminum alloy 2024 - The properties of this commercial high
strength alloy (4.5% Cu, 1.45% Mg, 0.57% Mn, 0.28% Fe, 0.10% Si, bal. Al)
were compared for three different processing histories: bar form from a
full-scale ingot, air atomized coarse powder, and as splat cooled (rotating
copper disc) coarce flake powder(]s). The powders were canned, evacuated
and hot extruded at 300°C at an extrusion ratio of 12 to 1. All three
products were of the same composition, and were given identical heat treat-
ments prior to testing (495°C solution treatment plus room temperature
ageing: T4 condition).

Table 111 compares the structural characteristics of the three
products in the hot worked or hot extruded condition. Figure 2 compares
the hot worked structures of the ingot product and the splat powder product.

It has been demonstrated that alloy 2024 contains coarse non-equilib-
rium constituent particles, which are cracked or serve as crack initiation
sites during fatigue(27'28). Improvements in fatigue 1ife can be expected
from the structure refinement. Table IV shows the results of tension and
fatigue tests (axial, zero mean stress). The final grain sizes of all )
three products were approximately equal in T4 condition. {

Splat cooling suppressed completely the formation of the brittle,
complex (CuMgFeAl) intermetallic phase and only the CuMgAl, phase was ii
observed. This phase did not coarsen during the 495°C solution treatment. '
In no case was there evidence of cracking or debonding of the micron sized
intermetallic phases during fatigue testing.

At 205°C, the splat atomized product did not show intergranular creep
fracture in creep tests of at least 400 hours, whereas the ingot product
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showed the intergraunular fracture at about 80 hours; the net effect was
an increase in stress for 1000 hours rupture life from 8600 to 12,500 psi
(6.1 to 8.9 Kg/mm?).
B. IN-100
IN-100 is one of the strongest nickel base alloys, available as a
cast material; it is not forgeable. A typicai compositicn, in weight
percent, is:
10.5 Cr, 15.4 Co, 3.02 Mo, 5.55 A1, 4.72 Ti, 0.16 C, 0.015 B, 0.06 Ir,
1.05 vV, 0.94 Fe, <0.10 Mn, <0.1 Si, 0.007 S, balance Ni.
Powders from three sources showed the foilowing oxygen content in ppm.

Powder Source Remelt Stock Powder

a. Argon atomization 108 158
b. . Soluble gas atomization 50 53
Rotating electrode 74 79

The cooling rate of the powders was about 10% °C/sec, yielding a DAS
of about 5 microns, compared to a DAS of about 70 microns for the precision
cast structure. The latter had a grain size range of 1500 to 3000 microns.
After hot extrusion of the powders, the final grain size of the alioy
ranged from 6 to 8 microns.

Figure 2 rompares the dendritic patterns of a powder particle and a
precision casting. Note the relatively coarse carbide particles in the
precision cast dendritic structure(zg).

One of the problems encountered with HIP compacts of IN-100 is the
presence of a carbide network (TiC) along prior powder particie boundaries,
as shown in Figure 3. This carbide distribution makes subsequent recrys-
tallization for grain coarsening much more difficult and it also decreases
the ductility of the alloy. During extrusion of the alloy, the preferential
carbide and cxide patterns are broken up but the formation of stringers can
be quite detrimental(so).

Table V compares 1room temperature properties for the as-cast, HIP,
extruded, and extruded plus grain coarsened states. In the HIP condition,
there is a small increase in ultimate strength associated with the increased
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ductility over the as-cast condition. By contrast, the extruded structures '!
show large increases in yield, ultimate tensile strength and ductility ‘
compared to the cast product. Even after recrystallizing to a grain size
of about 100 microns (from 8 microns), the ultimate tensile strength remains
considerably higher than that of the casting due to the higher ductility.

These highly attractive low temperature properties which continue to
be superior to those of the casting to about 750-800°C do not, unfortunately, _
give the best creep strength at 900 to 1000°C where a coarse grain size _!
stabilized by coarse carbides appears to be superior. In the HIP condition,
the fracture path follows the inter-powder-particle boundaries where
carbides and oxide films lead to a lower strength (Figure 4a). By compari-

~son, in a similar test at 1150°C, IN-100 in the extruded condition undergoes
normal intergranular cracking. The presence of carbides and oxide films is
a major problem in considering the possibility of using this class of alloy
in the HIP condition(zg).

Table VI compares the stress for a 100-hour rupture life at 982°C
(1800°F) for the as-cast condition and various grain sizes of extruded N
mateirial.

Grain coarsening beyond about 500 microns is difficult, especially T
when the stable coarse carbides network is present.

Perhaps one of the most interesting applications made possible by the {
powder approach is that of utilizing the ultra-fine grain to achieve super- )
plastici,, *or easy forming and then to heat treat the structure to achieve
the grain size desired for the particular application. Figure 5 shows the B
presence of the superplastic state for IN-100 in tests performed on the as- .
extruded condition (g.s. equals 8 microns) at 1038°C {1900°F). _‘

C. MAR-M-509 and a Hafnium Modification
These cobalt bese alloys are of particular interest because of a E{
possibility of utilizing steam or water atomization to produce coarse ’
powders (0.4 to 4 mm) which can be cleaned to a level of oxygen content of
about 250 ppm(3°). The water quench, being faster than the inert gas
quench, yields a DAS of about 5 microns with a much larger diameter of the

powders. The compositions of these alloys are, in weight percent:
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L M o W _Ta 2r H = Co

MAR-M-£09 0.6 10 22 7 3.5 .7 - bal.
Hf. Mod. Co .2 - .75 10 22 7 Mo - - 2-9 bal.

Once cleaned, the powders were canned, evacuated, sealed, and con-
solidated by HIP. In addition, powders consolidated by HIP were sub-
sequently extruded or hot rolled.

The powder approach to making preforms or final shapes depends on
one's ability to bond the powders by sintering, HIP, or hot mechanical
pressing. The presence of films or hard phases at powder surfaces inter-
feres with bonding, as shown in Figure 4 for IN-100. In the case of
MAR-M-509, coarse powders were processed by HIP at 28,000 psi (2000 atm.)
and at temperatures of 1093, 1178, and 1260°C (2000, 2150, and 2300°F).
The dependence of the microstructure upon the HIP temperature can be sum-
marized as follows:

a) with increasing HIP temperatures, the number of inter-powder particle
fractures decreases,
~ b) the dendritic pattern gives way to a partially recrystallized grain
pattern at 1178°C, however, the dendritic structure is still prominent.
Figure 6 shows the longitudinal microstructure near the fracture of a room
temperature tensile test(31) of the material compacted at 1178°C.

c) at 1260°C, a fully recrystallized structure appears.

Figure 7 shows the fine, uniform grain structure after hot extrusion
(grain size equals 4-6 microns). The same structure re-exposed to HIP at
1260°C coarsens as shown in Figure 7. In these alloys, the stable carbide
dispersion makes uniform coarsening difficult to achieve. Figure 8 shows
the rate of coarsening for the MAR-M-509 alloy.

Results of tension tests at room temperature are shown in Table VII
for MAR-M-509(31).

Again, significant improvements are observed in yield and tensile
strength for the extruded condition, along with large increases in ductility.
The HIP product, as noted above, shows low ductility and relatively low
tensile strength.

In stress rupture tests at 982°C (1800°F), as with the IN-100 ailoy,
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the best results are shown by the cast alloy and the poorest by the highly
ductile, essentially superplastic, fine grained extruded alloy. Grain
coarsening attempts have been successful in improving the high temperature
properties, as shown in Table vI11(31),

VI. DISCUSSIOR

It is evident that the proper use of atomized and quenched powdeis can
lead to an excellent control of themicrostructure of an alloy. Cooling
rates from 10 to 10° °C/sec should result in the control of grain size,
inclusion and second phase particle size and distribution. In some
special applications higher cooling rates may be desired to achieve inc-
reases in solubility of solutes, to produce metastable intermetallic com-
pounds, and even to produce amorphous structures. Such structures would
then be converted to stable phases but with particle sizes, shapes, and
distributions which are not otherwise attainable.

The improvement in ductility and hot plasticity, of complex and highly
alloyed material should encourage use of the powder approach, to higher
alloy contents. For instance, increases in Al + Ti in the IN-100 alloy and
of carbon and carbide former elements in the MAR-M-509 alloy, are feasible.

A number of other fruiiful research areas are worth mentioning:

1. Improvements in atomizaiion are still necessary, both to control the
powder size and distribution, but also to limit the retained or trapped
argon in inert gas atomization, or hydrogen in the soluble gas-vacuum
method. Cost improvements are definitively required.

2. Control of the powder surface films is needed when the hot pressed
condition 1s desired as the final processing step.

3. A better understanding of the influence of the HIP parameters on the
properties of the HIP billet is required.

4. Optimum hot working conditions to shape a billet and to control the
grain size.

5. Thermomechanical treatments to take advantage of the high ductility and
the superplastic potential, of the totally new structures. Solution and
precipitation processes have to be adapted because of the metastability of
compositions and structures of the rapidly quenched materials.
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6. Alloy development to take advantage of the increased ductility and hot
plasticity. In this respect, alloy chemistries may be modified for the HIP
state and for the hot worked product.

In summary, there are a number of interesting technological develop-
ments which make the processing of high performance alloys from quenched
powders look feasible and attractive. The long range opportunities are
great and these new processes should not be looked at as mere laboratory
curiosities.

VII. ACKNOMLEDGEMENTS
" The authors are indebted not only to their students and associates for
the data in this presentation, but to NASA, ARPA and INCRA for support of
various phases of the research.

VI11.REFERENCES S |
1. H. Matyja, B.C. Giessen, and N.J. Grant, J. Inst. Metals, 96, (1968), 30
2. V.K. Sartn and N.J. Grant, Met. Trans., 3, (1972), 737.

3. siaguwez. R.H. Willens, and W. Klement,Jr., J. Appl. Phys., 31, (1960),

4. P. Duwez and R.H. Wiliens, Trans. Met. Soc. AIME, 227, (1963), 362.
5. W. Klement,Jr., R.H. Willens, and P. Duwez, Nature (London), 187, (1960),

2267.
6. P. guwez. R.H. Willens, and R.C. Crewdson, J. Appl. Phys., 35, (1965),
2267.

7. P. Predecki, A.W. Mullendore, and N.J. Grant, Trans. Met. Soc. AIME, 233,
(1965), 1581.

8. W.A. Dean and R.E. Spear, Proc. 12th Army Mats. Res. Conf., 268, (1966),
Syracuse University Press, Syracuse, New York.

9. R.C. Ruhl, Mats. Sci. and Eng., 1, (1967), 313.
10. R.C. Ruhl and M. Cohen, Trans. TMS-AIME, 245, (1969), 241.

11. T.R. Anantharaman and C. Suryanarayana, J. Mats. Sci., 6, {1971), 111
and 7, (1972), 351.

12. M.H. Burden and J. Jones, J. Inst. Metals, 98, (1970), 249.

13. C.H. Jansen, “"Splat Cooled Aluminum-Rich Transition Metal Alloys:
Supersaturation, Annealing Behavior, and Atmospheric Corrosion", Ph.D.
Thesis, Department of Metallurgy and Materials Science, MIT, (1971).

14. R.C. Ruhl, B.C. Biessen, M, Cohen and N.J. Grant, Mats. Sci. and Eng.,
2, (1967), 314.




‘5.

16.

17.

18.

19.
20.
21.
22.
23.

24,

25.

26.
27.

28.

29.

30.

31.

-16-

B.C. Giessen; “Constitution of Non-Equilibrium Alloys After Rapid
Quenching from the Melt", Developments in the Structural Chemistry of
Alloy Phases, B.C. Giessen, Ed., %ienium Press, New York (1965).

M.R. Lebo, “Structure Refinement and Property Control in Aluminum Alloys

Through Rapid Quenching of the Melt", Ph.D. Thesis, Department of
Metallurgy and Materials Science, MIT, (1971).

R.C. Ruhl, B.C. Giessen, M. Cohen and N.J. Grant, Acta Met., 15, (Nov.,
1967), 1693.

;};. Srivastava, B.C. Giessen, and.N.J. Grant, Met. Trans., 3, (1972),

P. Duwez and C.H. Lin, J. Appl. Phys., 38, (1967), 4096.

P.K. Rastogi and P. Duwez, J. Non-Crystal. Sol., 5, (1970).

H.S. Chen and D. Turnbulil, J. Appl. Phys., 38, (1967), 3646.

R. Ray, B.C. Giessen and N.J. Grant, Scripta Met., 2, (1968), 357.

A. Revcolevschi and N.J. Grant, "Study of a Splat-Cooled Cu-Zr-Non-
Crystalline Phase", Met. Trans., 3, (1972), 1545,

Proc. of the Intl. Conf. . on Metastable Metallic Allovs, Ed. M. Paic,

Fizika, 2, ‘Suppl. ¢, (1570), (Brela).

N.J. Grant, “Special Powder Atomization Production Techniques", Powder
Metallurgy, 17th Sagamore Army Mats, Res. Conf., Burke, Reed aid Weiss,
Eds., Syracuse University Press, (1971).

M. Itagaki, B.C. Giessen, and N.J. Grant, Trans. ASM, 61 (1968), 330.

K. Erhardt and N.J. Grant, Fracture 1969 - Proc. of the 2nd Intl. Conf.
on Fracture (Brighton, Ehgland), Chapman and Hall, Ltd., (April, 1969).

R.M. Pelloux, K. Erhardt, and N.J. Grant, “"Applications of the Scanning
Electron Microscope to Electron Fractography", Scanning Electron

Microscopy - 1970, Proc. 3rd Annual SEM Symposium, IIT Research
nstitute, pp. 281-87, (Chicago, I||1no1s;, (1970).

L.N. Moskowitz, "Properties of a Nickel Base Superalloy Processed by

Powder Metallurgy", S.M. Thesis, Department of Metallurgy and Materials
Science, MIT, (1972).

R.W. Widmer, “Steam Atomization of Superalloys", Powder Metallurgy,
17th Sagamore Army Mats. Res. Conf., Burke, Reed and Weiss, Eds.,

Syracuse University Press, (19/1).
R.K. Robinson, private communication.




-17-

TABLE I

Rate of = 10* °C/second

Maximum Metastable Solubilities Observed at Cooling

System Max. Equil. Max. Extrap. Equil. Eutect. Solubil.
sol. (a/o) Metastable Comp. a/o Increase
Sol. ajo
Al-Pd nil 7.5 7.5
Al-Cu 2.5 18. 17.3 7X
Al-Mn 0.7 9. 1.0 13X
Al-Fe 0.025 4, 0.9 160X
“Al-Lo 0.02 0.5 0.45 25X
A1-N{ 0.023 1.2 2.7 50X
Al1-$1 1.59 11. 1.3 7X
TABLE II
A1-S1 Alloys Tested at 20°C
0.2% Y.S. y.r.5. El. R.A.
Alloy Condition _psi Kg/mm? psi__ Kg/mm® % %
A1-7% S1  Air atom. 17,300 12.3 27,600 19.6 26 4
As extrud.
Alloy 43 Die cast 13,000 9,2 27,000 19.1 4 -
(5% s1) Sand cast 9,000 6.4 18,000 12.8 6 -
Perm. mold 10,000 7.1 22,000 15.6 8 -
TABLE III
Structural Characteristics of 2024 Alloy
Product "Quench Rate Dendrite Size Constituent Particle
°C/sec (microns) Size, (microns)
Ingot bar 107! 60 10-20
Air atomfzed 102 7 4-6
Splat atomfized 10% 1-2 0.5-1




TABLE IV

Room Temperature Properties of Al Alloy 2024-T4

0.2% Y.S. U.T.S. El. R.A. Fatigue life, cyl.
at 30,000 psi
Product Ksi  Kg/mm* Ksi  Kg/mm* % % (21.2 Kg/mm3)
Ingot bar 40.2 28.5 67.2 48.7 23 37 100,000
Alr 42 29.7 70 49.5 25 33 300,000
atomized
Splat 47 33.3 76 54 24 34 700,000
atomized
TABLE V
Room Temperature Properties of IN-100
0.2% Y.S. U.T.S. El. R.A.
Condition _ Ksi  Kg/mm*  Ksi  Kg/mm? 3 %
As cast (1500u) 136 96 143 101 4 8
As HIP ‘ - 137 97 163 116 8 10
As Extrd. (8u) 17% 124 244 172 20 16
Extrd., Recryst. 171 121 238 168 21 17
100u grain coarsened 137 97 188 133 14 7
TABLE VI

Stress Rupture Data at 982°C for IN-100

Stress for 100-Hour Life

: Condition Ksi
As Cast 22
As extrd. (8 g.s.) 2
Extrd., Recryst. (100 g.s.) 12

Extrd., Recryst. (500 g.s.) 17

Kq/mm?
15.6

2

8.5

]2']
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TABLE VII
Room Temperature and 982°C Properties of MAR-M-509
" 0.2% Y.S. U.T.S. El. A,
Condition Ksi Kg/mm?  Kksi  Kg/mm? % %

As cast (4000u g.s.) 80 86.7 115 81.8 2.5 -
As Extrd. (3-4u g.s.) 130 92.6 192  136.0 14. 12

Extrd. Recryst. .94 66.6 166 117.5 1. 8
(10'20“ g.S.)
HIP (5-6u g.s.) 81 57.3 108 76.5 1.1 0.4
TABLE VIII

Stress Rupture Properties at 982°C for MAR-M-509
Stress for 100-Hour Life

Condition_ Ksi Kg/mm? %

As cast (4000u g.s.) 17 12 8-10
As extrd. (5u g.s.) 2.5 1.77 . 40-120

. Extrd., Recryst. 7.5*% 5.32 10

(4 and 500u mixed g.s.)

* at 1010°C (1850°F)
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Figure 2 - Polished and etched sections of IN-100 showing dendritic
patterns (a) powder particle by rotating electrode process, 200X;
(b) precision cast tensile bar, 100X.

G
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-HIP FM powder showing
extensive carbide phase surrounding prior particle boundaries, 4000X.

Figure 3 - Replica electron micrographs of as
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Figure 5 - As-extruded test bars superplastically deformed at 1038°C (1900°F)
at strain rates from 0.5 to 0.01 min }. Bar at top is size of undeformed
tensile specimen.

Figure 6 - MAR-M-509 at 1178°C (2150°F) and 2000 atmospheres (28 ksi) for
2 hours. Tension test at 20°C. (a; cross section (b) longitudinal section
at fracture.
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Figure 7 - “uhalt-1 atom percent HFC P/M alloy comparing (a) HIP + extruded
structures with (b) came material re-HIP at 1260°C (2300°F) for 1 hour.
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PROPERTIES OF IN-100 PROCESSED
POWDER METALLURGY

by

L.N. Moskowitz, R.M. Pelloux and N.J. Grant
Department of Metallurgy and Materials Science
Massachusetts Institute of fechrology
Cambridge, Massachusetts

ABSTRACT

A powder metallurgy approach to the production of IN-100
has been shown to result in a fully dense, homogeneous alloy with
exzellent hot-workability. Small billets were prepared by com-
pacting metal powdeis processed by inert-gas atomization, by
vacuum-atomization, and by the rotatiug electrode process. The
different powders are characterized by scanning electron micros-
copy, and size distributions as well as dendrite arm spacings
are presented. Compaction of the powders was done by hot iso-
static pressing followed by hot extrusion. The mechanical prop-
erties of different billets are compared to the cast IN-100 as
a function of the processing variables. Characterization of the
hot workability of the powder piccessed IN-100 is first done by
high strain rate testing, and finally by an investigation of the
superplastic behavior at low strain rates in the temperature
range from 1800°F tc 2100°F. The rate of grain coarsening at

2270°F 1is shown to depend upon the size and amount of titanium

carbide phase at the prior particle boundaries.
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The excellent Tow temperature properties of IN-100 processed
by powder metallurgy are related to the refinement of the grain
size and microstructure and break-dcwn of powder particle films
obtained during atomization and hot extrusion. The stress-rupture
properties at 1800°F, which are strongly dependent upon the grain

size obtained during the 2270°F coarsening heat treatment, are

slightly inferior to the properties of the cast alloy.
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PROPERTIES OF IN-100 PROCESSED
T BY POWDER METALLURGY

by

L.N. Moskowitz, R.M. Pelloux and N.J. Grant

I. INTRODUCTION

" The main goal of this work was to investigate the properties
_of a nickel-base supef§l1oy processed by powder metallurgy. This
material will be referred to as a.P/M-alloy as oppo.ed to 2 cast
allcy. Nickel base super;lloys, widely used as ccnponents of
modern gas turbines, consist of a solid-solution hardenec¢ nickel-
chromiun matrix strengthened by an ordered gamma-prime (N13(A1,
Ti)) dispersed precipitate, and by some complex metal carbides.
The metallurgy of these alloys has been reviewed by Decker] and
Simsz. The complexity of the alloy chemistry is such that severe
segregation is always present in small as well as in large cast-
ings. Although the precipitated gamma prime phase goes into solu-
tion above about 2000°F, the carbide phases and the primary gamma
prime do not re-solution untsl incipient melting has taken place
at about 2300°F. Therefore, the hot plasticity of the cast alloys
is severely limited even above 21C0°F.

Since a prealloyed powder particle is an extremely small

casting, segregation is restricted to each particle of powder.

Cooling from the molten state is much faster for a powder particle
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(103 °C/sec) than for a sand casting ('IO0 - 107¢ °C/sec). As a
consequence, the dendrite arm spacing and the volume fraction of
large second phase particles are quite small, which will facilitate
homogenization of the alloy. The mode of compaction of the powders
can be selected from a wide variety of processes, such as sinter-
ing, hot isostatic compression, hot extrusion, etc., which can be
tailored to optimize the size and shape of the finished part. The
fine .grained structure, achieved by the powder process, insures
good ductility even for the brittle and hard-to-work alloy composi-
tions.

Allen et.a1.3 made one of the first attempts to produce P/M
ingots of Astrolpy. To eliminate oxidation of individual powder
particles, an "all-inert" method of powder production, collection
and densification in an argon atmosphere was devcloped. Densifi-
cation was performed by hydraulic pressing in a heated die, under
a range of temperatures and pressures. Subsequent forgings of
full scale discs yielded a structurally uniform product; however,
the mechanical properties were inferior tc those of conventional
Astroloy forgings. The microstructure of the P/M alloy showed
recrystallized grains and a network of small, discrete precipi-
tates, fdentified as titanium carbide (TiC), aleng the prior
particle boundaries.

Reichman et.al.4 conducted a program to prscess superalloys
from argon atomized powde:s with a lTow i:terstilial content. The

two alloys studied were IN-100 and U-700, used respectively for

cast turbine hlades and wrought turbine discs. The consolidation
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techniques evaluated were vacuum hot pressing, forging, extrusion,
hot 1sostatic pressing and spark sintering. Direct hot extrusion
was found to be the best compaction process due to the rapidity of
densification and the reproducibility of the processing variables.
Hot isostatic pressing, while producing limited amounts of plastic
d2formation, was considered important for the fabrication of large
forging or extrusion preforms. These processes will be discussed
in more detail later. An evaluation of the final extruded prod-
uct showed an ultrafine grain structure exhibiting superplastic
behavior at high temperatures and low strain rates. An ..tremely
large grain size structure was also achieved following some un-
disclosed thermomechanical treatment. This material exhibited
stress-rupture properties superior to those of the cast and
wrought alluys. The grain growth behavior leading to grain sizes
larger than the original powder particles was attributed to the
1ow contamination of the powder surface and low oxygen content

of the densified product.

In a further investigation into the superplasticity of the
extruded IN-100 powder, Reictliman et.a].5 showed that grain growth
can also be achieved subsequent to superplastic deformation with-
out an intermediate thermomechanical treatment. In order to
obtain s very fine grain size (on the order of a few microns)
which will lead to superplastic deformation, the powder compacts
were extruded below the recrystallization temperature of the

alloy. Adiabatic heating during extrusion leads to recrystalli-

zation and a fine-grained structure.
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A practical method for fabricating high temperature alloys
to close tolerances, utilizing the low strength and high ductil-
ity offered by the superplastic behavior of the alloys, was

W6 1t is claimed

patented in 1970 under the name of “gatorizing
to apply to alloys in the cast condition, as well as to powder
products. The process consists of working the alloy initially

in compression at a temperature below, but approaching the recrys-
tallization temperature and producing a very fine recrystallized
grain size. Forging is done in hot dies, in an inert atmosphere,
at an appropriately slow deformation rate. The part is then re-
crystallized and grain coarsening restores the high temperature
strength. Production of full-scale compressor and turbine discs
by the gatorizing process from IN-100 powder billets is described
by Athey et.a1.7.

The mechanisin of grain coarsening in the P/M alloy to the
grain sizes of the cast alloy was studied more recently by
Reichman et.al.a. A series of alloys were designed and tested
with very low carbon contents, thereby eliminating the presence
of carbides at grain boundaries and allowing easy grain growth.

It was suggested that a final carburizing treatment can be easily
accomplished to precipitate some carbides for grain boundary
stability.

IN-100 was selected for our work since it is one of the high-
est strength cast-nickel base superalloys, very difficult to fabri-
cate, with a high volume percent of gamma prime. Powders obtained

by three different atomizing techniques were investigated: inert-
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~ gas atomization, vacuum atomization, and the rotating electrode
process. The microstructure, grain growth, hot plasticity, and
mechanical properties of billets compacted by hot 1sostatic

pressing and hot extrusion were investigated and compared to the

cast alloy.
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IT. CHARACTERIZATION OF METAL POWDERS

Three types of prealloyed IN-100 powders were evaluated.
They will be referred to as FM powder (inert-gas atomization),
HM powder (vacuum atomization), and NM powder (rotating electrode
process). In inert-gas atomization, a pre-alloyed vacuum cast
ingot is vacuum remelted, and atomized dy a stream of high puri-
ty argon gas. The size of the spherically solidifying particles
is controlled by the atomizing parameters. In vacuum atomization,
a vacuum remelted alloy is pressurized and saturated with a solu-
ble gas such as hydrogen. Atomization is obtained by dissociation
of the liquid metal-gas mixture in a vacuum chamber. As the metal
rises, the stream is exploded by the gas escaping the liquid
metal, and a coarse powder is produced. The rotating electrode
process9 uses a consumable rotating electrode of the alloy which
is continually melted by an arc from a stationary tungsten elec-
trode. Powder production takes place in a chamber filled with
high purity helium, in which fine spherical droplets are flung off
by centrifugal force. The powder particle size is controlled by
varying the efectrode diameter and the electrode rotating speed.
The principles behind the production and control of powder parti-
cles have been reviewed by Orrlo.

Coarse, spherical IN-100 powders could not be produced by

steam atomization due to the high titanium and aluminum content

of the alloy. The coarse powder obtained was sharp and flaky with

a thin, adherent oxide film. The shapes of these powders are
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unfavorable for processing since they present many reentrant
cavities and folds in cleaning, and have a very low packing den-
sity in hot fsostatic pressing or extrusion cans.

Chemistries, size ranges and screen analyses of the three
powders used are presented in Tables I and II. With the exception
of FM powder, all contain less than 100 ppm of oxygen and show
Tittle oxygen pick-up during powder production. Typical powder
particles viewed by scanning electron microscopy are shown in
Figures 1, 2 and 3. FM powders are predominantly spherical in
shape with many fine particles attached to coarser particles.

The dendritic structure can be seen in relief only on the surface
of the larger particles. HM powders are much more irregular in
shape, and consist of flakes as well as droplets. Some surfaces
contain pretrusions, and the dendritic structure can be identified,
NM powders are much smoother and well-rounded, and more uniform

in size. The surface appearance indicates a much cleaner powder.
Polished and etched cross-sections of powder particles of each
type are presented in Figures 4, 5 and 6. The average secondary
dendrite arm spacing in FM powder is 2 microns, in HM is 6 microns
and in NM is 3 microns, and varies little in each heat. For a
discussion of the variation in dendrite arm spacing with cooling
rate, see Ref. 13. A semi-qualitative analysis of the surface and
interior of the particles was done with a non-dispersive X-ray

attachment to the SEM. There was no marked difference in chemistry

between the core and the outside surface of the powders.
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I1I. POWDER CONSO-IDATION

Hot isostatic pressing (HIP) is a consolidation process
involving the application of a hydrostatic pressure by a gas
(usually agron or helium) at elevated temperatures to evacuated,
canned powders. With the advent of modern high-pressure equip-
ment, large diameter parts with complex geometries can be fabri-

cated]‘. It has been shown that full density can be achieved by

HIP processing',lz’w’14

with good control over microstructure
and chemistry. While the final structure is isotropic, only
limited amounts of plastic deformation can be achieved during
pressing. The basic requirement of the canning material is high
plasticity at the forming temperature. Thin gauge low alloy
carbon steel is often used and contamination of the core is
negligible 2.

Direct powder extrusion, in evacuated cans, offers both hot
consolidation and hot mechanical working to yield a fully dense
wrought material. Interparticle shearing promotes a break-up of
prior particle boundaries as well as enhancing bonding. Hot
extrusion of superalloy powders has been carried out over a wide

range of temperatures and extrusion ratios?*19,

The parameters
involved in the selection of tne correct temperatures, reduction
ratios, canning material and heat treatment are discussed by
Bufferd]5. In general, the canning material must be as strong as

the powder at the extrusion temperature, and it should be easy to

remove after processing.
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In this study, small billets of IN-100 were prepared by the

above consolidation techniques, as 1isted below:

1) Hot isostatically pressed FM powders, 1" x 1-1/2" x 20".
Pressed at 2320°F and 25,000 psi for one hour.

2) Hot isostatically pressed HM powders, extruded to 3/4" diam-
eter rod. Pressed at 2300°F and 15,000 psi for one hour; ex-
truded at 2000°F with a 12:1 reduction.

3) Direct extruded FM and NM powders (2 bars), 1/2" diameter x

7' in length. Extruded at 2150°F with a 20:1 reduction.
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IV. RESULTS AND DISCUSSION

Microstructure

A11 metallographic samples were pulished to 0.05 micror
alumina in distilled water. The different etching solutions
given in Table III attack gamma prime, leaving the carbides in
relief and gamma prime depressed relative to the gamma matrix.
Etchant no. 1 gave the best overall structural definition, while
etchant no. 4 was used to delineate the dendritic structure.

A1l were applied by immersicn and the etching times are indi-
cated.

Two-stage carbon-chromium replicas were prepared from
cellulose acetate first stage replicas. The shadowing angle was
approximately 30°.

In order to compare the structures and properties of the
powder product to the cast alloy, an investment casting of IN-100
was made into 24 3/8-inch diameter thread tensiie bars. The
casting was made from a vacuum cast ingot of Id-100 (see Table I
for the chemical analysis). The bar was remelted under an argcn
atomsphere, and cast at 2730°F into a mold at 1500°F. The aver-
age grain size in the cast bars is 1500 microns, with about five
grains per diameter.

The average secondary dendrite arm spacing in the cast IN-100
tensile bars is 28 microns, as seen in Figure 7, and the typical

cast nickel-base superalloy structure is evident in Figure 8. The

average size of the matrix gamma prime particles is about 1.5
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wicrons,

Figure 9 shows the structure oY the hot isostatically press-
ed bar of FM powder. Recrystallization has taken place within
the particle boundaries, but there 1s ro sign of plastic defor-
mation in individual powder particles. An almost continuous
film of second phase precipitates surrounds each particle. This,
as well as the gamma prime morphology and size (about 0.7 microns),
can be seen more readily in the replica electron miciographs of
Figure 10. Nondispersive X-ray analysis showed the surrounding
phase to be rich in titanium, a strong carbide forming element,
and to contain a much smaller conceatration of aluminum. In
order to make a positive identification, carbon extraction rep-
licas were prepared. A 10% bromine in alcohol solution was used
to dissolve the matrix after direct evaporation of a carbon film
on the polished and well-etched sample. Electron diffraction of
the extracted renlicas, using a 200 kv electron beam, showed the
phase to be titanium carbide. The presence of aluminum in the
carbides is most 1ikely related to an oxide phase identified by
Moyer in similar work on U-700]6.

Upon examination of the bar of HM powder which had been hot
isostatically pressed and then extruded, the entire length was
found to contain numerous holes and cavities. This porosity is
atributed to the presence of some residual hydrogen, remaining

in the powders after vacuum atomizing, and vacuum degassing prior

to hot pressing.
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The microstructure of the as-extruded bars is shown in
Figures 11 (FM powder) and 12 (NM powder). The particles have
been well deformed, and a recrystallized grain size of about 8
microns is evident in both bars. Large carbides within the par-
ticle boundaries can he seen in the bar extruded from NM powders.
These carbides were present in the original powders. The prior
particle boundaries of the FM powder extrusion are still deline-
ated by a second phase, although not to the extent that it was in
the HIP material. In the NM powder bar, this effect is even
smaller. The average camma prime particle size after extrusion

is about 0.2 microns in each alloy.

Grain Coarsening

In order to see if significant grain growth could easily
occur past the prior particle boundaries, a series of grain coars-
ening experiments were run. Tests initially performed at 2300°F
showed evidence of incipient melting, and 2270°F was selected as
an optimum coarsening temperature. The samples from the FM powder
extrusion showed substantially less grain growth than those from
the NM powder, indicating that the surraunding carbide phase can
slow down grain growth markedly. 1 both alloys, however, grain
boundaries were able to grow past the prior particle boundaries.
For the FM powder extrusion, the average grain size was about 50
microns after 24 hours at 2270°F, with grains as large as 100

microns. For the NM extrusion, after the same treatment, an

average grain size of about 100 microns was measured, with grains
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as large as 200 micruns (Figure 13).

Mecharical Properties

- Room Temperature Properties: The room temperature tensile
properties and Roackwell C nardness vaiues for the different mate-
rials are presented in Table 4. The excellent rcom temperature
tensile properties of the as-extruded material are attributed to
the refinement of the microstructure durine atomization and the
break-down of powder particle films during hot extrusion. There

“is no difference between transverse and longitudinal hardness, but
the high hardness values correlate well with the high tensile
properties. The tensile ductilities of all the P/M alloys are
excellent considering the strength levels and compared to the
ductility of the cast alloy.

- Hot Plasticity Tests: Characterization of the hot workabil-
ity of the powder processed IN-100 was first done by high strain
rate testing and finally by an investigation of the superplastic
behavior at low strain rates. The high speed tensile testing was
performed in a Nemlab high strain rate machine which has a stroke
of 2-1/2 inches, and is capable of reaching a maximum load of
5000 pounds within 20 milliseconds, with maximum deformation rates
on the order of 20 sec']. It has been used successfully as a
means of simulating hot working operations, to find the optimum
conditions of strain rate and temperature to forge high strength

17,18,19

materials A complete discussion of the operation and

calibration of the machine can be found in the work of Cederblad

17

“
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An 11-inch radiant split furnace was used to reach a maximum tem-
perature of 2200°F in five minutes. Thermocouples were spot weld-
ed directly on the specimens. Tests were conducted on the as-cast,
as-HIP, and as-extruded materials at 1900°F, 2000°F, 2100°F and
2200°F, the temperature range of cunventional superalloy forging.
The holding time at temperature was less than five minutes in all
cases so as to limit structural changes and maxe the tests more
reproducibie.

The stress versus rupture time and stress versus average
deformation rate showed suitable Tinrar relationships on log-log
plots. Typical curves for the as-extruded powders are shown in
Figures 14 and 15. The ductility, measured as elongation after
fracture, is presented for each test. The most noticeable differ-
ence in the behavior of the three materials tested is the sharp
change in slope exhibited by the extruded product at rates balow
about 1077 sec™!. This break in the slope, indicating a change
in structure, deformation or fracture mode, was not exhibited by
either the cast or HIP alloy.

Poor ductility (<5% elongation) was exhibited at all temper-
atures by the cast and HIP bars. The ductility of the extruded
material, however, is seen to increase markedly at slower defor-
mation rates, especially at 2100°F. Total elongations as a func-
tion of deformation rate are plotted in Figure 16.

This behavior is identical to that shown by the work of

20

Greene” "~ and Cederblad]7 on cast Udimet 700 and Nimonic 115, re-

spectively. It was found that the ductility of these nickel-base
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superalloys increases as the strain rate decreases at all test
temperatures, but ductility is maximized at 2100°F at all strain
rates. The increase in ductility as the temperature is raised to
2100°F is due to the increased amounts of gamma prime going into
the gamma solid solution. The decrease in ductility at temperatures I
greater than 2100°F is due to a structural change brought about by
recrystallization.

A typical fracture cross-section of the hot isostatically
pressed FM powder is shown in Figure 17. The bar failed by inter-
particle separation, explaining the low ductility of this material,
The influence of the surrounding titanium carbide and oxide phases
in initiating fracture at the powder particle boundaries was obvi-
ously great. A cross-section of an extruded FM powder test bur is
shown in Figure 18. The material exhibits extensive intergranuIar
cracking, accounting for part of its higher ductility.

A comparison of the high strain rates stress levels showed the
extruded material to be stronger or as strong as the cast material,
with the hot pressed material the weakest of the three. At defor-

'1, however, the stress levels in

mation rates below about 107! sec
the extruded product fall rapidly below both of the other materials,
an effect most pronounced at 2100°F.

- Superplastic Deformation of As-Extruded Alloys: This extreme
sensitivity of the deformation stress and ductility on temperature,
strain rate and structure led to a series of low strain rate ten-

sile tests, to investigate the superplastic behavior of the extrud-

ed material which had been renorted by Reichman et.al.s. High




-143-

temperature tensile tests were performed on the as-extruded alloys

over a range of strain rates from .005 to .5 min,”]

1900°F, 2000°F and 2100°F.

at 1800°7,

Figure 19 shows the total elongation that can be obtained at
different strain rates at 1900°F, as compared to an undeformed
tensile bar of a one inch gauge length. The results are plotted
on log-log coordinates as true flow stress vs. strain rate in
Figure 20. It was found that the initial holding time at temper-
ature had a marked effect on the tensile behavior, especially at
the lower temperatures. For this reason, soaking times of 30
minutes at temperature were used before beginning each test. The
slopes of the curves in Figure 20 are approximately the same and
equal to 0.5 below about 107! min."". This value of the slope was
taken as the strain rate sensitivity exponent, m, in o = Ktm,
where o = flow stress, K = constant, and ¢ = strain rate. The
activation energy for the deformation process was determined from
an Arrhenius plot at two stress levels. A constant activation
energy of approximately 98 kcal/mole was found. These results are
in agreement with the work of Reichman et.a].s.

The microstructure or a superplastically deformed tensile
bar is shown in Figure 21. The most noticeable change exhibited
is the extreme growth of the gamma prime particles, from about
0.2 micron to an average size of one micron.

- Creep Testing: 1800°F stress-rupture tests were conducted

on the extruded material from FM and NM powders, and the grain-

coarsened (24 hours at 2270°F - air cooled) NM powder material.
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To optimize the creep strength, the as-extruded material was over-
aged at 1800°F for 24 hours, and the grain-coarsened material at
1825°F for 20 hours. The stress-rupture results are compared to
stress-rupture properties of fine and coarse-grained cast IN-]OOZ]
in Figure 22. The total elongations are presented for each test.
The extruded material (average grain size of 8 microns) exhibits
stress-rupture properties far inferior to that of the cast mate-
rial, as a result of the fine grain size. The 100 micron grain-
coarsened material shows stress-rupture properties beginning to
approach those of the cast material. The total elongations ob-
served in the material, however, are below those of the cast alloy.
The difference in stress-rupture strength should be compensated
for by improved fatigue properties due to the finer grain size
and size of the second phase particles in the P/M alloy.

Some current work with low-carbon (.02%) P/M IN-100 alloys
has shown that easy grain growth to cast grain sizes is possible.
A hot isostatic pressing of these powders at 2300°F and 27,700 psi
for one hour yielded a recrystallized grain size of about 500
microns with good 1800°F stress-rupture properties in the as-HIP
condition. 1t is hoped that through proper processing of these

low carbon P/M alloys, the creep and fatigue properties will prove

to be superior to those of the cast alloy.
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V.  CONCLUSIONS

1. A powder metallurgy approach to the production of a highly
alloyed, cast nickel-base superalloy results in a fully dense,
homogeneous alloy with excellent hot-workability. The control
over dendrite arm spacing, phase distribution and grain size is
made possible by proper choice of piealloyed powder particies,
consolidation methods and parameters.

2. The extruded P/M alloys show much better mechanicail proper-
ties than do the hot isostatically pressed alloys. This is a
result of the extensive interparticle shearing during hot extru-
sion, which promotes the break-up of prior particle boundaries
and enhances bonding. The prior particle boundaries in the HIP
product are delineated by an almost continuous film of titanium
carbide and oxides, which retards grain growth and results in
poor high temperature properties.

3. Inert-gas atomized powders and rotating electroa: process
powders show roughly equal propertics after extrusion. Groin
growth at 2270°F occurs more easily in the R.E.P. powder extru-
sion, which contains less surrounding carhide phase, than in the
inert-gas atomized powder extrusion. In both material:, however,
grain boundaries were ahle to grow past the prior particie
boundaries.

4. The excellent room-temperature tens’le prope.ties of the
as-extruded material are attributed to the refinement of the grain
size and microstructure and break-down of the powder particle

films duriny atomization and hot extrusion.
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5. The ultra-fine grain structure resulting after extrusion
ard recrystallization, enables low strain rate, superplastic
deformation of the P/M alloy to be empioyed &s a close-tolerance

fabrication procedure.

6. The stress-rupture properties at 1800°F are strongly de-
pendent upon the grain size. Through use of a low-carbon P/M
alloy of IN-100, easy grain growth is possible to typical cast

grain sizes, and high-temperature stress-rupture properties should

greatly improve.
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Yable Il - Size Range and Screen Analysis (% retained)
of the Powders as Received from the Manufacturers ‘
.
M POMDER HM POWDER NM POWDER !
Size Range (microns): ~250+44 ~707+74 -500+44 )
{
Mesh: j
-25+3% 0.0 4.6 0.0
-35+60 0.5 43.0 4.3 3
-60+100 1.3 24.0 58.0 Al
~100+200 3.3 28.4 29.5 -
-200+325 23.3 0.0 6.6

-325 31.6 0.0 1.6




-151-
[ Table II1 - Etchants
-
"
1. 92 HCY

i 5 HNO,
" 3 H,S0, - add last

immersion (~30 sec)
. good for IN-100 microstructure and N13(A1, Ti)
" 2. 60 glycerine
. 30 HC1

15 HNO3
' immersion (120 sec)

3 good for IN-100 microstructure and N13(A1,Ti)

. 3. Kalling's etch

59 CuCl, * 2H,0

100 ml CZHSOH

100 ml1 HC1

immersion (~200 sec)

good for IN-100 microstructure and grain structure

4, 70 HC1
10 H202 (30%)
HF (activator)
immersion (~20 sec)

good for IN-100 dendrite structure
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o

Figure 1 - As-received FM powders as viewed in SEM: (a) 138X, (b) 680X.




{b)

Figure 2 - As-received HM powders as viewed in SEi: (a) 24X, (b) 245X.
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Figure 3 - As-received NM powders as viewed in SEM: (a) 63X, (b) 253X.



Figure 4 - Polished and etched section of as-received FM powders showing
500X.

dendritic structure.

Figure 5 - Polished and etched section of as-received HM powders showing
50X.

dendritic structure.




Figure 6 - Polished and etched section of as-received NM powders showing
dendritic structure. 200X.

Figure 7 - Polished and etched cross-section of as-cast tensile bar
showing dendritic structure. 100X.
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Figure 8 - As-cast IN-100 microstructure. 1000X.

Figure 9 - As-HIP FM powder. 100X.
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(a) 4000x,

(b)

Figure 10 « Replica electron micrographs of as-HIP FM powder showing

extensive carbide phase surrounding prior particie boundaries.

(b) 5000X.
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200x.

ral section of as-extruded FM powder.

gitudi

Figure 11 - Lon

200X.

extruded NM powder.

Figure 12 - lLongitudinal section of as




-161-

Figure 13 - Grain-coarsened NM powder extrusion. 2¢ hours at 2270°F. 500X.




*DO1-N1 PapNA3IXa-~se 404 sadnjeaadue} SNOLJRA 3@ 3wly duamidnd Boy °sA ssau3s Boy ajed utedis ybiy - y{ 3+4nb4

(23S) 3¥NLdNyY Ol 3Wil

000! 00! 0l 1’0 100
TTTT T T ] TITTT T 7T TTT T T ] ~::_: T _::4: T i
SN —
- | O -
R 2 O —o!
$2 &oOONN w
n 4 3
N 40012 m
o 7 - w
7 _ w
— ~O— 400002 1 =
- —(r 0 1 e
- ¥ v 40,0061 3 =
— 200 ool
e ||_
[ 430M0d WND _
B ¥3gM0d W3O |
- 001- NI 030NH¥1X3-SY _
ﬂ -
it bt { tsitt ] 1 1 _::Pr_ { T.Pw__ | } ftp byt U




.oo,—-zH papnuixa-se .04 saun}edadwsl SnOLJer @ 3ed UOLIRUMOAP DO "SA SSaU}s DO 3je4 uieals ybiy - g| aunbi4

(;-225) 31vd NOILVWYO43C

el 00! -0l 5-0l ¢-0l 0!
IHITT T 7 ] _:j: I _::ﬂﬂﬂ T _::: 1] Eﬂ:_ T i
- _ ]
— ’ — .
— 40,0012 —o1
w
L — —
< o 400002 m
~ nSas ° — A
= I - " o 1 3
— ol v 400061 3 =
— — 00\
L —
B Y¥3IMOd WN O »
— ¥3IM0d W4 O 7]
[ OO!-NI G30NY¥LX3-SY . ~
sttt L4 r:_:__ 1 T, TR, ITR N

.

:,Z“,u .t” ;:,”" #ome ) ,“ L - o H "j, 2 & " u : ,r“ w ,é ﬁ .& I ! ' ' ' l ' i




*00L-N1 Papna3xa-sv .10j S3unjedadual SNOLJLRA 3° u0}3R6UOLS U0 33°J UOLJRWIOLIP 30 303433 ajed ulea3s Ybiy - 9) 3anbiy

(,-03S) 31vd NOILVANOJI3Q

Ked 50! -0l 2- 0! ¢-Ol
Tarri 0 1 1 _q:.ad I rrr17 1 ITiITT 1T 1 1
N A
. - _— — L —g
-y 2
m
— — 0! m
2
@
. >
2 =
ol o —s! 2
2
14,0012V
[ . 3,000¢0 . —c2
30061 A
001~ Ni Q30N¥LX3-SV
i) 11 | ﬁ:_r—w { { _~_~_l_r ] l ety i 1 | o¢




-165-~

200X.

Figure 17 ~ High strain rate fracture cross-section of HIP FM powder test
Polished.

bar at 2100°F.

200X.

Figure 18 - High strain rate fracture cross-section of extruded NM powder
Polished and etched.

test bar pulled at 2100°F.




) f“ﬁ%’““"[”'l”'l""

& s 8

Figure 19 - As-extruded test bars superplastically deformed at 1900°F at
strain rates from 0.5 min"® to 0.01 min !. Bar at top is size of undeformed
tensile specimen.
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Figure 21 - Microstructure of superplastically deformed as-extruded
material pulled at 1900°F. 1000X.
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PROPERTIES OF MARAGING STEEL 300
PRODUCED BY POWDER METALLURGY

by
L.F. Yan Swam, R.M. Pelloux and N.J. Grant

ABSTRACT

Powders of 300 grade maraging steel were produced by two different
atomizing processes and consolidated either by hot isostatic pressing,
extrusion and hot roliling or by a combination of these methods. The
tensile properties of the PM alloys were equivaleny or superior to the
properties of the conventionally cast and forged alloys, while ther2 was
no improvement in the fatigue and fracture toughness propefties. Fine
grain size materials (1-5 microns) were obtained by hot rolling conven-
tionally procéssed and PM bars of maraging steel 300 at 760, 820 and 870°C

and cooling in afr. In all cases, the tensile properties and the fracture

toughness wer2 improved by the grain size refinement.




I.

-171-

INRODUCTION

Maraging steels are a class of high strength, high alloy steels with a
carbor content below 0.03%. The 200, 250 and 300 yrade maraging steels
contain 18% nickel plus different amounts of cobalt, molybdenum and
titanium(1). The different grade numbers refer to the tensile strength
level in ksi, which can be achieved by the precipitation of a fine disper-
sfon of NisMo phase during aging. Cobalt lowers the solubility of molybdenum
in the fron-nickel matrix and thereby increases the amount of Ni Mo precip-
1tated(2'3). Titanium 1s both a hardening and refining addition which ties
up the residual carbon and nitrogen(1). Very small amounts of boron and
zirconium are also added to prevent carbide precipitation at grain boundar-
fes and to react with residual oxygen.

Segregation of alioying elements during solidification of the ingot is
a recurr{ng problem in these highly alloyed steels because this segregation
persists throughout reduction to the final mill form, although it can be
decreased but not entirely eliminated by working and homogenization at
1250°C(4). The segregation shows up as a banded structure in the etched
microstructure of the alloys(4).

. Banding has been shown to cause a wide scatter inthetensile strength
and fracture toughness properties of these stee]s(4). Concurrently, the
development of higher strength steels of this type with higher alloy
content is limited by the increased segregation problems. ‘

These problems due to macro- and microsegregation can be eliminated by

processing the alloys from rapidly quenched powders which have typical

secondary dendrite arm spacings of the order of 4 to 10 microns(s). The
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powder metallurgy route also offers the possibility of producing semi
finished parts with great savings in forging and machining operations.

In this study, we report on themechanical properties (tensile strength,
fracture toughness and fatigue strength) of very fine grain cize maraging
steels and of maraging 300 grade steels produced by powder metallurgy.

Three different atomization processes were used to produce rapidly quenched
powders. The powders were consolidated either by hot isostatic pressinﬁ,
extrusion, hot rolling or a combination of these methods. The influence of
different microstructures on the mechanica[ properties was evaluated; the

properties were compared to those of the conventionally cast and forged alloys.

MATERIALS

Consumable vacuum arc melted 300 grade maraging steel was received in
the annealed condition (one hour at 820°C, followed by cooling in still air)
from Vasco in the form of 100 sm wide X 3é “um thick (4 X T-1/4 in) bars.

The composition of this material is given in Table I. The mechanical proper-
ties were measured in the as-received annealed condition and after aging 3
hours at 480°C, followed by cooling in still air. These properties serve as
a basis of comparison for the properties of the alloys produced by powder
metallurgy, and for the fine grain size steels.

Powders were produced by steam atomization and by the rotating elec~
trode process (REP). Steam atomized powders (SA), produced by Industriail
M~terials Technology, Inc., were obtained by disintegrating a 9 mm diameter
stream of molten metal with Tow pressure steam. The metal droplets are col-

lected in a water-filled tank placed under the nozzle. The process is

capable of producing large diameter (5 mm (4 mesh) to .4 mm (35 mesh))
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spherical part1c1es(5).

The steam atomized powders were covered with an oxide skin which was
removed by chemical cleaning with acid followed by hydrogen reduction. This
process is attractive because of 1ts high production rate, lcw cnst, and the
high cooling rates obtained. The cooling rates of 100°C/sec fcr medfum
sized particles and of 1000°C/sec for small (<1 nm) particles, result in
secondary dendrite arm spacings of about 12 and 4 microns, respect1vely(5).

The rotating electrode process (REP) used by Nuclear Metals, inc.
produces essentfally uncontaminated spherical powders of 0.4 mm (35 mesh)
to 0.8 mm. (20 mesh) with a secondary dendrite arm spacing of approximately
6 microns(s). REP powders are expensive due to low production rates and the
cost of preparing the bars for atomization.

The powders were consolidated by hot {sostatic pressing (HIP), extru-
sfon, hot rolling or a combination of these wmethods. In. each case, the
powders were handpacked in steel cans which were sealed by weluing The
cans were degassed at 400°C, evacuated to a pressure of 10 3 “torr, and
purged with argon three times before final closure under vacuum.

Hot isostatic pressings for 1 to 3 hours were carried out between 1100
and 1250°C and at 100-200 N/mn? (14,500-28,000 psi). The different HIP
variables for the various runs are given in Table II.

A number of rectangular HIP pressed cans were hot rolled between 1100
and 1000°C in 10% reduction passes. The resuliing flat stock was used
primarfly for fracture tcughness testing. Table II gives the detailed

parameters of extrusions of HIP compacts and direct powder extrusions.

Chemical analyses of the maraging steels used to produce steam atonized




I11.

~174-

and rotating electrode powders are 1isted in Tablc 1. By comparing these
analyses to the analysis of an extrusion of steam atomized powder, 1t can
be seen that the extruded steel contains largs volume fractions of metallic
oxides, and a lower content of titanium and aluminum Alloying elements.
Thus, 2 few mechanical tnsts were sufficient to confirm the limited mechan-
fcal properties of this alloy. On ihe cther hand, the oxygen level of the
alloy processed from REP powder is only slightly higher than Tor the com-
mercial grade level (Table I). Compacts mede from REP powder have under-
goné,exténsive mechanical testiné.

In a further attumptgto finprove the tensile and fracture toughness
properties of 300 grade'mhraging steel, fine grain size Vascomax 300 was
produced by hot reliina in 10% reduction passes at 760, 820 and 870°C.

This rolling procedure produced steels with grain sizes from 1 to 5 microns
compared to the 25 to 50 micron grain size of the commercially available
steel.

EXPERIMENTAL PROCEDURES AND RESULTS
The tensile bars had a 25.4 mm (1 inch) gauge length and a 4.06 mm

(0.150 inch) gauge diameter. Reduction in area, U.T.S. and 0.2% offset
yield values are reported for annealed and aged material (3 hours at 480°C
followed by cooling in still air), and are summarized in Table III.

The fracture toughness of aged maraging steel was measured by Tollow-
¥ng the ASTM method E 399 70T. Compact tensile specimens were fatigue
precracked at a frequency of 20 Hz. The vinal 1.0 mm of the fatigue crack

was always propagated at a load of less than half the final fracture load.

The fatigue precracked specimens were loaded at a constant strain rate
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which was kept well within the recommended limits. Load and crack operirng
displacement were recorded cn an X-Y recorder. All the alloys tested showed
a distinct "pop-in" at the onset of fracture. The fracture toughness
indices were measured in planes parallel and perpendicular to the rolling
direction.

The test results are given in Table IVa and IVb. The load, Kf. and
the number of cycles, N, to give the final 1.0 mm of fatigue crack, crack
length measurements, a, and the fracture load, P, are also reported.

Fatigue tests of smooth bars in tension-compression with a zero mean
load were performed on a Baldwin SF-1 machine under constant load amplitude.
The cylindrical specimens with a 3.8 mm (0.15 inch) diameter and 7.6 mm
(0.3 inch) long gauge section, were aged for 3 hours at 488°C and polished
with 600 grit carbide paper and 1 micron diamond paste. Any polishing
scratches were at 45° angles to the tensile axis. The results of 14 tests
ef commercial material in the aged condition and o'f 16 tests of extruded
rotating electrode powder material tested in air, together with 13 tests of
commercial steel tested in dry argon (dewpoint -50°C) are given in Table V
and are plotted on a S-N curve in Figure 4.

IV. DISCUSSION
A. Tensile Properties

The low tensile strength and the limited reduction of area of the

i alloys produced from the steam atomized powders in both the annealed and
aged condition is attributed to the high oxide content of this alloy.

i Large metal oxide inclusions of complex chemistry were observed by metal-

lography. The presence of oxide inclusions on the fracture surfaces of
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tensile bars was confirmed by scannirg electron microscopy. Fracture in
these alloys was always initiated at the oxide-inclusions.

PM alloys made from high purity rotating electrode powders were free
of large {1 micron or more) oxi¢e inclusions, although Ti(C,N) and Ti.S
inclusions are normally found in maraging steeTs(c). The size (up to 10
microns) and distribution of T1(C,N) inclusfons in the PM Alloys were
equivalent to those found in commercial steel. In general, the PM alloys
had notably fewer Ti,$ in-lusions than the commercial alloy.

In the following camparison of the tensile properties of commercially
available Vascomax 300 with rotating electrode PM alloys, only the proper-
ties of the agec alloys will be discussed since they are the most interesting -
alloys in practice.

Hot fsostatic pressing of REP powder at 1200°C and 100 N/mm? for 1 hour
produced a fully dense alloy. The tensile reduction of area of annealed RH
specimens was however only 22% and aged RH specimens broke before any large
scale yielding took place. Fracture in this alloy was by separation along
prior powder particle boundaries. The low interparticle bond strength is
thought to be due to thin adherent oxide films which are nct broken down )
during hot isostatic pressing

The powder particle oxide films can be broken down by extruding either
2 lightly compacted powder or a HIP powder billet at a sufficiently high
extrusion ratio. Alloys RE and REH which were extruded with a ratio of
11.5. had slightly higher (about 5%) yield and ultimate tensile strengths
than the commercial alloy. A significant difference in tensile reduction

of area was found between alloy RE and REH. Alloy REH had a tensile
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reduction of area of 62% compared to 48% RA for alloy RE and 49% RA for
Vascomax 300. The powder particies in these two PM alloys were completely
bonded togethei and no delamination was observed on the fracture surfaces
of the tensile bars.

Five cm thick rectangular HIP powder billets were hot rolled at 1000°C
to produce alloys with tensile properties which depended on the amount of
reduction of area received during the hot rolling operation. The yield
strength, U.T.S. and reduction of area of alloy HRG9 are Tower than those
of Vascomax 300. The lower tensile properties of alluy HR6S were attributed
to particle c.ide-films which remained unbroken after the Timited reduction
of area given during hot rolling this alloy. Higher reductions of area
during rolling (alloys HR83 and HR91) increased the yield strength, U.T.S.,
and reduction of area to values slightly higher than those of Vascomax 300.

In summary we can state that high strength maraging steel allove wii;
superior tensile properties can be made by powder metallurgy by either
extrusion or hot rolling of high purity powders. The extrusion ratio or
the hot rolling reduction must be high enough to insuée the complete break-
down of the oxide film and the bonding of powder particles.

. Maraging steels are conventionally hot rolled at 1000°C and the grain
size in the final mill product range from 25 to 50 microns. Hot rolling

of Vascomax 300 and of extruded REP powder bars at 760, 820 and 870°C
produced steels with a grain size from 1 to 5 microns. The fine grain size
Vascomax 300 and PM alloys were tested in the air cocled hot rolled condi-

tion and after an aging treatment of 3 hours at 480°C. The U.T.S. and the

0.2% offset yield strengths of the aged VM and ERalloys were 5 to 10%
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higker than for the commercial Vascomax 300. Reductions of area of the
fine grain alloys were equal to or better than the RA of commercial stock,
but no systematic improvements in ductiiity were observed.

Fine grain size Vascomax 300 was furthermore given an intermediate 1
hour anneal at 820°C after the hot rolling operation to duplicate the
typical commercial process. The intermediate anneal improved the tensile
reduction of .rea from 49% to an average of 63%; the U.T.S. and yield
strength of this alloy were approximately 5% nigher than those of commer-
ci=1 Vascomax 300.

8. Fracture Tcughness Properties

If we were to evaluate only the resuits of the tensile tests, we could
conclude that the PM allocys are better than the conventional alloys. How-
ever, the fracture toughness tesis showed a marked difference between the
two types of alloys. The HIP plus hot rolled PM bars have a fracture tough-
ness index Kic which is 20-30% lower than the Kjc value of the commercial
alloy. The fracture surfaces of the PM alloy specimens show extensive
longitudinal delamination along powder particle boundaries. The delamina-
tion planes are parallel to the rolling plane. Delamination is due to a
iow interface bond strength between powder particles resulting from thin
powder particle oxide films which are not broken down during hot rolling.
Interparticle delamination is enhanced in plane strair fracture toughness
testing due to the high transverse stress in t!: area immediately ahead of
the advancing crack front. The fracture surfaces of Vascomax 300, HR69,

HRB83 and HRY1 fracture toughness specimens are shown in Figures 1 through

3. These figures clearly show that the amount of deiamination decreases
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with increasing reductions of area during rolling. The high dcjree of
delamination in alioy HR69 was expected from the 1imited tensiie reduction
of area of this alloy which was attributed to the presence of continuous
oxide films. It was surprising to find that failure by delamination was
still observed after 83% reduction of area by hot rolling but 1t was
apparently eliminated after 91% reduction. The lower fracture toughness
of all the PM alloys as compared to the commercial alloy is attributed to
the presence of interstitial elements. As would be expected the fracture
toughness value increased with increasing amounts of delamination.

It is interesting to note that the faiiure by delamination was not
always observed on the fracture surfaces of tensile bars. Thus the plare
strain fracture toughness test is a critical test which demonstrates clearly
the quality of the intarparticle bond strength.

The plane strain fracture toughness of maraging cteel 300 was improved
by hot rolling the commercial alloy at 760, 820 or 870°C. Alloys hot
rolled at these temperatures and given an intermediate anneal showed a
substantial increase in their Kpc values. The best combination of tensile
strength and fracture toughness was obtained by hot rolling at 870°C.

The PM alloy bars made by extrusion and hot rolling at 760, 820 and
870°C were unfortunately not thick enough to permit a valid determination
of their K. values.

C. Fatigue Properties

The S-N curves of Vascomax 300 tested in air and in argon (dewpoint
-50°C) and of hot isostatically pressed and extruded rotating electrode
powder are given in Figure 4. It {s observed that specimens tested in dry
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argon show a much higher fatigue 1imit and much Iegs scatter 1n the data
than similar specimens tested in air. The lower fatigue strength and the
higher scatterband obtained by testing in air are due to the corrosive
effect of water vapor in the air. The fatigue.strength of commercial
Vascomax 300 and the PM alloy are about the same. Thus the presence of
banding and of structural inhomogencities in the commercial alloys cannot
alone account for the poor fatigue properties of maraging steels. The
authors have shown in another paper(7) that the poor fatigue behavior of
the maraging steels is rela.ed to the local cyclic softening of the alloy.

CONCLUS IONS

1. A high strength maraging 300, high alloy steel was produced by powder
metallurgy with tensile properties equivalent or superior to the convention-
ally cast and forged alloys. |

2. The fatigue and fracture toughness properties of maraging steel 300
are not improved by the powder metallurgy process.

3. A plane strain fracture toughness test is an ideal test to measure
qualitatively the interparticle bond strength of a PM alloy because of the
high triaxial state of stress present at the tip of the crack.

4. The tensile and fracture toughness properties of 300 grade maraging
steel were improved by hot rolling the alloy at 760, 820 and 870°C.
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TABLE !

Chemical Composition of the Maraging Steels 300

Vascomax 300
(100 X 32 mm bar)

.014
.09
.66

18.26

8.82
4.81

- Used in This Work

Steam Atomized Rotating Electrode
Powder - Powder
Atgs‘z’;:‘lon Ex::utg:on Atg:n?z)::ion Rﬁ%?:g

.020 .012 ~.009
1 .02 .ﬁ
.66 .06 - .64
18.50 18.33
.07 9.04
4.98 4.88
.04 .0
.05 T .02
005 <006
.009 .004
<20 ppm 1400 <20 ppm 43 ppm
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TABLE Il
Processing Variables of the Materials

Materi

Des§32a21on Processing Designation

Vascomax 300 Commercially available 300 grade maraging steel.

gAE Steam atomized powder, extruded 1120°C: extrusfon ratio 10.5.

RH Rotating electrode powder, HIP 1200°C, 100 N/mm? (14,500
psi) 1 hour.

RE Rotating electrode powder extruded at 1100°C: extrusion
ratio 11.5.

REH Rotating electrode powder, HIP 1200°C, 100 N/mm? (14,500
psi) 1 hour, afterwards extruded at 1100°C: extrusion
ratio 11.5. e

HR69 Rotating electrode powder, HIP 1200°C, 200 N/mm? (28,000

HR83 psi), 1 hour and hot rolled in 10% reduction passes at

HRI1 1000°C to total reduction of 69, 83 and 91% respectively.

VM76 Vascomax 300, hot rolled-.at 760, 820 and 870°C, respectively,

VMB82 to obtain fine grain size, and tested in as-received and

VM87 aged conditions.

VM76A Same as above, but with an intermediate 1 hour 820°C

VM32A anneal.” Materials were tested in the as annealed and in

VMB7A the annealed plus aged condition.

ER76 Rotating electrode powder, extruded at 1100°C: extrusion

ERB2 ratio 10, and hot rolled at 760, 820, and 870°C

ER87
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TABLE 11X
Tensiie Properties of 300 Grade Maraging Steels

Annealed Aged

I S

N/mm? N/mm?

Yascomax 300 1000 850 73 1905 1870 49
SAE 128 690 4 1700 1620 12
RH 1018 850 22  specimen broke before yielding
RE Y55 860 6 _ -2000 1970 48
REH 1040 860 . 65 - 2010 1970 62
HR69 1020 770 62 1870 1815 39
HRE3 - - 1010 770 70 1980 1930 53
HR91 1010 790 7% - 190 1910 55
76 1055 830 72 2100 2005 57
vMB2 1070 830 64 2085 2050 49
VMB7 980 780 65 1990 1960 53
VM76A 1020 800 74 1985 1940 65
YMG2A 940 760 75 1970 1930 63
VMB7A 970 760 72 1990 1960 61
ER76 1150 830 69 1920 1905 49
ERS2 1105 840 67 2020 2000 31

ER87 1020 790 60 2015 2000 46
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TABLE IV(a)

Fracture Toughness Measurements of
300 Grade Maraging Steels

Crack Parallel to the R.D.

Average
Ke e a p Kic Kre
N X100 mn N MNm : "2 Hm‘ 3"2

Vascomax 300 2800 60 13.05 6950 68.4 68.2
: 2800 55 12.95 7120 69.0
3100 40  13.80 7040 67.2

76 2200 180 13.28 6230 62.9 62.5
. 2200 160  13.13 6230 61.9
2200 170 12.72 6630 62.6

82 2200 170  12.85 7020 67.1 68.8
2200 160 12.88 7120 68.5
2200 90 12.88 . 7400 70.9
a7 2200 150 12.50 8570 78.7 78.5
2200 160 12.70 8280 17.9
2200 160 13.18 8240 21.8
2800 60 13.08 7790 76.5
2800 40 13.31 7900 79.8
2800 50 13.74 7120 76.3
VM76A 2200 187 12.75 8350 79.0 79.0
VM82A 2200 143 12,83 8420 80.5 81.2
2200 125 12.85 8550 81.9
| VMB7A - 2200 237 12.75 8820 83.4 83.0

| 2200 147 12.77 8900 84.5
2200 175 12.77 8520 81.0

HR69 7800 340 26.02 15600 53.7 55.7
(172" 6700 355 25.69 16900 57.2
specimen) 6700 400 25.73 16500 56.0
HR83 2800 240 13.39 5740 58.7 59.7
2800 200 13.56 5600 58.6
2800 215 13.46 6010 62.0
HR91 2200 90 13.69 4230 45.0 43.6
1800 300 12.98 4450 43.3
2000 255 13.26 4230 42.6
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TABLE IV(b)

Fracture Toughness Measurements of
300 Grade Maraging Steels

Crack Perpendicular to R.D.

Average

K N, a P Kre Kre

N X100  mm N oM e

Vascomax 300 8900 480 26.11 22200 77.4 77.4
W69 . 6700 340 26,29 19350  67.9 68.5

6700 405 25.80 21500  73.0
6700 385 25.65 19100  64.7

WB3 2800 245 13.05 7010 69.2  71.2
~ 2800 195 12.15 8460  74.9 —
2800 215 13.36 6810  69.5
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Figure 1. Fracture surface of fracture toughness specimans. From left to
right: Vascomax 300, fracture plane parallel to the rolling direction, HR69
fracture plane parallel and perpendicular to the rolling direction,
respectively. Specimen thickness 1.27 cm (0.5 inch).

Figure 2. Fracture surface of fracture toughness specimens. From left to
rignt: Vascomax 300 fracture plane perpendicular to the rolling direction
HR83 fracture plane parallel and perpendicular to the rolling direction,
respectively. Specimen thickness .625 cm (0.25 inch).
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Figure 3. Fracture surface of fracture toughness specimens. From left to
right: HR91, VM82 and VM82A, fTracture plane parallel to the rolling direc-
tion 1n each specimen. Specimen thickness .635 cm (.25 inch).
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FRACTURE TOUGHNESS AND FATIGUE CRACK GROWTH RATES OF
IN-100 PROCESSED BY POWDER METALLURGY

by S. Wastberg, R.M. Pelloux and N.J. Grant

I. INTRODUCTION

The main goal of this work was to investigate the fracture properties
of a nickel base superalloy processed by powder metzallurgy. This material
will be referred to as a P/M alloy by opposition to a cast alloy.

The P/M alloy is made frcm pre-alloyed powder particles with very
small dendrite arm spacings and low volume fraction of large second phase
particles. Thus, we can expect a high degree of homogenization and an
jsotropic structure in the compacted ingots. These microstructure features
should result in marked improvements in the fracture properties over the
properties of the coarse grained cast alloys. The properties investigated
were fracture toughness and fatigue crack growth rates at room temperature
and at 1400°F.

II. MATERIALS AND TEST PROCEDURES

A. Materials
The chemical analyses of the cast IN-100 and the P/M IN-160 are given
in Table Y. The two chamical analyses are very close and, if anything, the
impurity content of the P/M alloy is lower than the casting. Table II gives
the detailed gas analysis of three different P/M ingots near the center and
at the edges of the ingots.

B. Processing

IN-100 billets were processed by three different processing techniques

which were:
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a) as cast ingot (2 ingots 2.5 inches diameter X 2 inches long)

b) as cast ingot - hot isostatically pressed (HIP) for 5 hours at 2150°F
(1195°C) under 15,000 psi of argon (three ingots 2.5 inches diameter X

2 {nches long)

The average grain size of the cast alloy was about 2000 microns with
a well defined dend}itic structure. Figures 1 and 2 show, respectively,
the microstructure of the as-cast alloy and the heat treated alloy.

Figures 3 and & show the same for the cast and HIP alloy. The heat treat-

~ ment cycle is given in Table IV. The HIP cycle was dsed to close any pore

7 or interdendritic cavities which would affect the fracture properties of the
cast alloy.

c) P/M forgings made from REP powder. The REP powder particle size was 35
mesh (<500 microns) with two or more grains per powder particle.. Figures

5 and 6 show respectively, an overall view of a typical powder particle and
the microstructure of the as-atomized powder. The powders were compacted

in cans (8 inch diameter X 4 inches high) which shrank by 11% in the HIP
cycle. The HIP conditions are given in Table III.

The three HIP ingECS were forged by Wyman Gordon (Worcester, Mass.) and
thz forging conditions were not reported because they are of a oroprietary
nature. Figure 7 shows a typicel forged pancake. Microsections of the
’r‘o.rged pancakes showed that two of the three pancakes contained a fair
amount of ;esidual porosity at the particle interfaces. The forging
designated 2K20 appeared to have a minimum of porosity and thus it was used

as the source of the material for all the fracture tests.

]
Gas analysis of the three forginys showed a good correlation between
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gas content and porosity. It appears that during the HIP cycle argon can
diffuse through the can material and lead to pore formation at or near the
surface of the forging. The higher content of oxygen in the center of the
billet seems to indicate an incomplete or imperfect heating-outgassing cycle
prior to sealing of the can.

C. Microstr.cture

~ Figures 8 and 9 show the typical microstructure billet 2Hz0. The
average grain size is 400u as measured along the length of the grain.
The aspect ratio is about 3. The original powder particle size can be
easily identified, each particle containing two or three grains. A very
small amount of primary y' éppears at particle or érain boundary triple
poihts.
e Figure 10 shows that near the edge of the forging the interparticle
porosity is extensive. This porosity could be the result of hot cracking
during forging and/or of poor interparticle bonding due to the high argon
gas content, or oxide film at the particle surfaces.

Following the heat treatment cycle described in Table IV, the micro-
structure of the HIP-forged alloy changes markedly. There is a well-defined
F coarsening of y' particles along he prior particle boundaries with the
formation of a coarser interparticle zone averaging 6u in width. Figures 11
and 12 show the typical structure of the HIP-forged-heat treated alloy.

D. Mechanical Properties

Hardness and room temperature tensile properties (2 tests) are given
in Table V for the different alloy corditions tested.
The tensile bars of the PM alloy had a diameter of .160 inch which

would inciude an average of 130 grains per cross section which is large
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enough to give a meaningful result. J

E. Fracture Toughness (K;.) Tests

Compact tension specimens with B = 0.25 inch and W = 0.80 inch (see [
Figure 13) were used for fracture toughness measurements. The material was
tested in the as recelved condition. The tests were performed on a MTS L
fatigue machine in air at room temperature according to ASTM Specification [

E399-70T. The results are given in Table VI. Two tests were run for each-

alloy.

In all of the ch'tests the ratio B/(KIC/YS)"was smaller than 2.5,
that is, too small to give a valid K. vilué according to ASTM E399-70T.
The specimen thickness however is typical of the thickness of a turbine

blade, so the measured values of,KIc,are considered useful for real life

applications.

The Kie value for a crack running in the through thickness direction
(see Figure 14) 1s larger than the ch in a radial direction. This dif-
ference is attributed to the grain anisotropy. The grain size width being
smaller in the through thickness direction than in the radial direction.
In the radial direction the tips of the elongated particles appears to serve {
as a stress concentration site which can account for rapid crack initiation
and propagation along the particle boundaries.

The difference in fracture toughness from one specimen to the next is
probably due to the distribution of pores in the material (see Figure 10).

The cast plus HIP material has a lower fracture toughness (40-49 ksi

/Inch) than the cast (52-69 ksi v/inch). An examination of the fracture

surface of the cast alloy shows that the crack follows the interdendritic
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shrinkage cavities (see Figure 15) resulting 1n.crack branching and a

higher toughness. In the cast plus HIP alloy the fracture surface is planar
in each grain (see Figure 16) and there 1s no sign of interdendritic frac-
ture. The scatter of the fracture toughness data is due to the large grain
size of the cast alloys which is such that there areonly 3-5 grains per
cross section of the fracture toughness specimen.

111. FATIGUE CRACK PROPAGATION (da/dn vs. AK)

Single edge crack specimens with B = 0.20 inch and W = 0.50 inch and
L = 1.50 inch (see Figure 17) were used for these measurements. The mate-
rial was tested in the as received condition. The-fatigue crack Qas o
initiated from a 0.125 inch notch which was machined by tiectrode Discharge
Machining. The crack path was always in the through thickness direction

- (see Figure 14). The crack length was measured with a traveling microscope

with a resolution of 5 X 10°* inch. The tests were run on an Instron
fatigue machine in room air at room temperature and at 1400°F. The P/M-
HIP material was fatigued at a frequency of 10 cycles/second and the two
cast alloys at & frequency of 15 cycles/second at room temperéture and at

a frequency of 10 cycles/second at 1400°F. A1l the test results are sum-
marized in Figure 18. Al1 the values are the mean value of at least two
tests. There was a large scatter band for the data of the two cast struc-
tures because of the anisotropy resulting from the large grain size (3-5
grains over the width of the specimen) and the coarse dendritic structure
(see Figures 1 and 3). It was found that crack growth was discontinuous in

the cast and cast plus HIP alloy with long crack arrest periods at grain

boundaries. In the P/M alloy the fatigue fracture proceeded more uniformly.
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Figure 18 shows that at low stress intensity factor (AK) the crack propaga-
tion rate in the P/M-HIP material 1s markedly slower than in the cast
alloys. However, there is a reversal at higher stress intensity factors
where the growth rate in the PM alloy is higher than in the cast alloy.
This reversal is due to the high slope uf thedl/dn/AK curve for the P/M
alloy. This high slope is unaccounted for at this time. It could be
related to residual stresses present in the forging or to a high work
hardening rate in the plastic zone at the crack tip. Furthef tests will
be required to measure the difference in the threshold stress intensity
factor Axth for non-propagating cracks. So far, the test resu1tsrshow
that the difference could be significant and that fatigue cracks will be
harder to initiate in the P/M alloy.

In the cast alloy there 1s extensive branching of the fatigue cracks
along grain boundaries or within the dendrites. This crack branching
appears to be due to the coarse microstructure. As a result of crack
branching the imposed crack tip opening displacement is spread over many
crack fronts leading a relatively slow growth rate at each separate front.
On the other hand the uniform microstructure of the P/M-HIP alloy is such
that there is only a single fatigue crack with a well defined front and a
higher crack growth rate.

At 1400°F there is no marked difference between the fatigue crack
growth rates of the PM alloy and the cast alloy. In the cast alloy there
is a minimum of crack branching by contrast to the room temperature
behavior. The higher growth rates at 1400°F can be easily accouiited for on

the basis of a CTOD crack extension model: The growth rate increases as E

and Y decrease with increasing temperature. Furthermore, the well known
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ductility trough of the superalloys between 1300 and 1400°F could lead to
a faster growth rate. Finally, the coriosive influence of oxidation at the
crack tip may account for a large part of the higher growth rate at 1400°F.
SEM fractography shows that fatigue striations could not be resolved
because of a thick oxide film following the 1400°F tests.

IV. CONCLUSIONS

1. The r.;om temperature fracture toughness indices KQ of P/M-HIP-
forged IK-100 a’loys were measured and compared to KQ values for cast and
~ cast-HIP IN-100 alloys. The P/M alloy shows an increase in toughness over
| the cast alloy from 20 to 50% depending upon the test direction.

2. The fatigue crack growth ratesrin the Cast snd cast-HIP IN-100
alloy show a large scatterband at room temperature. This scatter is due to
crack branching and crack arrest associated with the coarse grain and
dendritic cast structure.

3. The fatigue crack growth rates in the P/M alioy at room temperature
are very uniform at a given AK level. The thresheld for non-propagating

fatigue cracks is higher for the PM alloy than for the cast alloy.

4. At 1400°F there is no marked difference in fatigue crack growth
rates between the P/M and the cast alloys.
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TABLE Il
GAS ANALYSIS IN ppm BY WEIGHT

2H19 Edge 2H19 Cent. 2H20 E 2H20 C 2H21 E 2H21 C

N ND 10 14 ND 10 ND 10 45 51
0 31 375 125 750 84 116
H 6.5 67 27 37 4.9 4.6
Ar 62 4.5 2.6 1.4 54 21
He ND<2 ND<2 ND<2 ND<2 ND<2 ND<2

ND = none detected, less than

TABLE 111
HIP (pressure-temperature-time) PROCESSING PARAMETERS

Identification HIP-ing Temp. Time Pressure
2H19 2200°F 5 hours 14,600 psi
2H20 2250°F 5 hours 14,900 psi *

2H21 2150°F 5 hours 14,400 psi
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TABLE 1V
HEAT TREATMENT FOR IN-100

2050 ¢ 15°F 2 hours 011 quenched

1600 40 minutes afr cooled

1800 45 minutes air cooled

1200 24 hours air cooled

1400 4 hours air cooled
TABLE V

MECHANICAL PROPERTIES OF IN-100

Hardness ' uTS Elong.  R.A.

(R) (k1) (ksi) (2)

P/M HIP + Forged 40 130,149 155,183 4,9 4,12
Cast ' 39 136* 143* q* g~
Cast + HIP 36 132

* from L.N. Moskowitz ‘
° estimated from hardness test

TABLE VI
FRACTURE TOUGHNESS PROPERTIES OF IN-100
K B/ Ry = HR Ligament
1 2 Y X £
(Ksi }mc (Kyg/¥S) (inch) Ry .
P/M HIP + Forged .
Through Thickness 85,99 .43,.78 .050,.090 >17
Radial 59,73 .80,1.60  .G20,.050 > 32 !
Cast . 52,68 1.0,1.74  .023,.040 > 40
Cast + HIP 40,49 1.63,2.5  .016,.024 > 67 5
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Figure 2. Microsiructure of heat treated cast IN-100 (40X).
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Figure 3. Microstructure of as-received cast plus HIP IN-100 (40X).

Figure 4. Microstructure of heat treated cast plus HIP IN-100 (40X).
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Figure 5. Overall view of typical IN-100 powder processed by REPTM

technique (500X).

Figure 6. Microstructure of typical IN-100 powder processed by REPTM
technique (1000X).
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Figure 7. IN-100 billet processed by powder metallurgy and HIP and forged.

Figure 8. Microstructure of as received P/M plus HIP and forged IN-100 (40X).



Figure 9. Microstructure of as received P/M plus HIP and forged IN-100 (200X).

Figure 10. Pores in P/M plus HIP and forged IN-100 (200X).




Figure 11. Microstructure of heat treated P/M plus HIP and forged IN-100. (400X)

Figure 12. Microstructure of heat treated P/M plus HIP and forged IN-100 (1000X).
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Figure 14 - Orientation of fracture toughness and fatigue specimens in

forged P/M billet of IN-100. ?j
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Figure 15. Fracture surface of cast IN-100 (630X).
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Figure 16. Fracture surface of cast plus HIP IN-100 (600X).
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Figu:e 17. Single-edge-crack specimen used for fatigue crack propagation .
testing. !
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Figure 18. Fatigue crack propagation in P/M, cast and cast plus HIP IN-100
at room temperature at 1400°F.
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Figure 19. Branching of the fatigue crack in cast IN-100 (40X).
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THE DEFORMATION OF HOT ISOSTATICALLY PRESSED
IN-100 AT HIGH TEMPERATURES AND HIGH STRAIN RATES

by S.J. Berman and N.J. Grant

The hot workability of hot isostatically pressed IN-100 powders was
studied within the temperature range 1800 to 2000°F (982 to 1093°C), at
strain rates of about 10°° to 10! sec”!. These ranges cover the tempera-
tures and ~train rates of commercial interest in industrial hot working

operatfons. The program was inftiated to obtain increased knowledge of the

interdependence of stress, strain, strain-rate, and temperature during hot

working of a HIP product, and to optimize the hot isostatic pressjng”
parameters of temperature, time, and pressure for a given alloy powder.

It was found that the optimum HIP conditions were a pressing tempera-
ture of efther 2150°F (1195°C) or 2200°F (1220°C) and a 2 to 3 hour press-
ing time. The 2 hour hot isostatically pressed material was cbserved to
exhibit properties equal to or superior to those of the 5 hour HIP material
at the high operating temperatures (i.e. 2000°F (1093°C)), arguing against

the benefits of a long HIP cycle.

The optimum kot working tempefathre was about 1900°F (i038°C); the
optimum deformation rates were between 1073 and 107* sec™!.
Introduction

High temperature tests were conducted to evaluate the hot plasticity
of hot isostatically pressed (to be referred to as HIP) IN-100 powder

products. The hot plasticity test variables were chosen to approximate hot

working operations. The purpose of the program was to evaluate several HIP
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parameters (i.e. temperature, time and pressure) and to indicate preferred |
HIP conditions for large scale production of HIP IN-100 powder compacts. h

I1. Materials and Powder Consolidation

The processing of superalloys from atomized powders compacted by .
sintering: by hot pressing and forging; by hot extursion; or by hot |
isostatic pressing has resulted in a marked improvement in the homogeniety ;ﬁ
of the alloys, and in higher mechanical properties at room and at interme-
diate temperatures. This improvement cf mechanical properties is due in '
part to the elimination of casting defects such as shrinkage cavities, Ty
variable grain sizes, and coarse, brittie interdendritic phases.

The superalloy chosen for this investigation was IN-100, which is a

|
—

commonly used, cast nickel-base superalloy, with one of the best strength

. .,‘
e

to weight ratios(]’z). IN-100 consists of a solid-solution nickel-chromjum-
cobalt matrix strengthened by an ordered gamma prime [Ni,(A1,Ti)] precipt-

S

tate and by several complex metal carbides (i.e. M¢C, M»3C¢). The physical
metallurgy of IN-100 has been reviewed by Decker and Sims(3). A typical
composition of IN-100 is given in Table I, combined with the gas analysis
of the “Rotating Electro¢: Process" (REP) powder used in this iavestication.
The Tow carbon, IN-100 prealloyed powders were supplied by the Nuclear
Metals Division of Whittaker, Inc. A powder of low carbon content (about

brvd Gl ]

0.018%C) was used in order to eliminate the formation of complex metal 'E
carbides (f.e. M¢C, M23C¢), which inhibit grain growth in P/M products(s).
A typical sfze distribution and screen analysis of the REP powder is given _E

in Table II.

...
1’-:'

Figure la 1s a scanning electron microscope (SEM) photomicrograph of
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a typical powder particle produced by REP. Note that the powder particles
are quite spherical in geometry and show a distinct dendritic surface struc-
ture. The powder particle surface is free of oxide scale, however, this
does not preclude the presence of a thin, continuous oxide film. Figure 1b
is a polished and etched cross-section; it clearly *1lustrates the dendritic
structure of the powder. The average dendrite armm spacing was calculated

to be about 3 microns, and did not vary signficantly from heat to heat.

Experimental Prucedure

The powders were consolidated by hot {sostatic pressing(s's) at IMT

(Industrial Materials Technology, Inc.). The powders were packed in low

alloy carbon steel cans 12 inches (304.8 mm) in length with an outer
diameter of 3/8 inch (9.5 mm) and a bore size of 5/16 inch (7.9 mm). The
approximate weight of the powder packed in each can was 7/10 pound (.32 kg).
The packing density within the can was approximately 65% theoretical
density. After packing, the cans were evacuated at 600°C (1138°C) to a
pressure of 10" * torr while purged with argon several times, and sealed
under vacuum by welding. The sealed cans were heated to HIP temperatures
of 2050, 2100, 2150, 2200 and 2250°F (1140, 1170, 1195, 1220 and 1250°C) at
a constant heating rate of 1000°F (538°C) per hour, the finai 50°F (10°C)
at a rate of 1°F (.555°C) per minute. The cans were kept at the maximum
tenperature and pressad under a pressure of 103.4 N/mn? (15 ksi) for efither
2 or 5 hours. After pressing, the cans were cooled under pressure at a
vate of 20°F (6.7°C; per minute. The HIP temperatures, times, and pressures

chosen for this investigation were typical of thcse of commercial HIP

conditions. Ten different conditions were selected for evaluation.
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Figure 2a 1s a photomicrograph of the typical microstructure of IN-100
powders HIP at a lower HIP temperature, 2050°F (114G°C) for 5 hours and
Figure 2b is the microstructure of the higher HIP temperature material;
2250°F (1250°C) for 5 hours.

The HIP bars (5/8 inch (15.9 ma) in diameter and 12 inches (304.8 mm)
in length) were sectioned, metallographically examined, and machined into
ASTM standard high temperature tensile bar specimens. The tensile bars
each had 1 inch (25.4 mm)} gauge lengths) and .250 inch (6.35 nm) guage
diameters, with 3/8-16 (UNC-1A) threaded sections. The hot workability of
the as-HIP specimens was evaluated by constant load, high strain-rate,
tensile tests. High strain-rate torsional tests could have been used, but
it was decided that the tensile test would offer a more accurate approxima-
tion of the failure conditions during hot working of a HIP material.

The high speed, high temperature tensile tests were performed on a
pneumatic high strain-rate machine. The machine has a 2-1/2 inch (63.5 wm)
piston throw and is capable of reaching a maximum load of 5000 pounds
(approximately 100 ksi in a .250 inch (6.35 mm) gauge diameter) within 20
milliseconds, and a maximum deformation rate of 30 inches per inch per
second (seconds '). The load is applied by means of differential pressure,
air piston action (subsequent to a small preload on the specimen train to
resove slack); the rupture time (tR) is measured by an electric chronometer
(accuracy of 0.01 seconds) which is automatically activated by the applica-
tion of the load and is stopped at fracture by means of an electric micro-

switch. The applied load is taken from the pressure dial gauge on the

machine, or from the output signal of a temperature compensated, strain
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gauge load cell, recorded on a X-Y recorder.

The specimens were brought to the test temperatures in less than 4
minutes by means of a dual elliptical reflector, radiant infrared, split
Jacket furnace using type T-3 tubular quartz-tungsten filament high inten-
sity lamps. Thus furnace enables even heating along its entire 11 inch
(279.4 mm) length. The test temperatures were monitored and were controlled
during testing by a chromel-alumel thermocouple spot welded to the center
portion of the specimen surface, and a Leéds-Northrup potentiometer. The
-control accuracy of this set-up was $3°F (1.7°C). The tensile specimens
were held at temperhture for 3 minutes before testing to insure unitorm
temperature. After fra:ture, the bars were air cooled to room temperature,
measured for total elongation and reduction in cross-sectional area, and

prepared for metallographic and SEM inspection.

Iv. Results and Discussion

A. Short Time Stress Rupture Behavior

The results of the hot plasticity tests are presented in Tables III
(1800°F (982°C) test data), IV (1900°F (1038°C) test data) and V (2000°F
(1093°C) test data); the specimen designations and HIP varjables are also
included in the tables. Note that within this report the use of the term
“stress” denotes a true rupture stress; the term “strain" denotes a true
strain; and an average deformation rate has been used in place of a true
strain-rate or a minfmum creep ate (MCR) since only the load and not the
strain can be controlled using the above mentioned apparatus.

Log-lag plets of stress versus average deformation rate are given in

Figures 3 to 7. The stress necessary for the rupture of the material
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decreases with an increase in test temperature for all HIP conditions.
Stress versus time to rupture plots (not shown) exhibited a similar rela-
tionship. The slopes of these rupture stress curves are typical of those
for conventional superalloys tested at elevated temperatures. From the
figure a comparison of the rupture strength for the 2 and 5 hour HIP
materials, for different pressures and test temperatures, yields a distinct
pattern of behavior, ilJustrated in Table VI.

From the table, one observes that in “S00°F (982°C) stress rupture
tests the material HIP for 5 hours has rupture strengths superior to those
of the material HIP for 2 hours for all HIP temperatures. This may be
related to the coarser grain size of the 5 hour material as well as to
the presence of a coarser gamma prime precipitate morphology. In 1900°F
(1038°C) tests, for the lower HIP temperatures of 2050°F (1140°C) and
2100°F (1170°C), the stremgth performance is inixed, with the 2 hour HIP
material performing better than the 5 hour material in slow deformation
rate tests. However, at the highest HIP temperatures of 2150, 2200 and
2250°F (1195, 1220 and 1250°C), the 5 hour HIP material maintains dominance
in performance.

In tests at 2000°F (1093°C) the materials which were HIP at the lower
temperatures of 2050°F (1140°C) and 2100°F (1170°C) exhibit a mixed
performance with‘regard to the rupture strength. The 2 hour HIP material
generally performed better than the 5 hour HIP material; the three higher
Hll.lemperature materials exhibited superior performance in the 2 hour mate-
rial compared to the 5 hour HIP material. This "reversal” in behavior can

possibly be explained by an extended dissolution of the coarser gamma prime

- .
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in the 5 hour material to a point greater in extent than that in the 2 hour
material, a plausible argument since the gamma prime solvus is reported to
be around 2000°F (1093°C)(3'9). However, the limited scope of this
investigztion prohibits any firmer statement of possible causes relating
morphology or energistic differences to rupture strength behavior.

B. High Temperature Fracture

Whatever these morphology or energistic differences may be, they are
not 111ustrated by fracture behavior for the different HIP conditions;
Figures 8 to 10 illustrate the fractures of thematerial KIP at 2250°F
(1250°C) for 2 and 5 hours and tested at the three test temperatures at
varying strain rates. Note the intergranular (also interpowder particle)
cracking in 2ach case, nhowever the majority of cracks have propagated along
powder particle boundaries. These fractures cannot easily ée differentiated
from the fractures of material HIP at 2200, 2150, and 2050°F (1220, 1195,
and 1140°C) (Figures 11, 12, and 13, respectively) except that at these
lower HIP temperatures there is greater retention of shape by the large
powder particles. Even though it is apparent that a greater degree of
recrystallization occurs as the HIP temperature increases, the fractiures
remain largely along powder particle boundaries; only for the 2250°F (1250°C)
HIP product is there some evidence of pure intercrystalline cracking
(Figures 8 and 9).

The fracture surface itself is more easily judged from Figures 14 and
15, based on tests at 1900°F (1038°C) for material HIP at 2200°F (1220°C)
and 2150°F (1195°C), respectively. The granular surfaces demonstrate

the intermittent bond across powder particles, interspersed with fine oxide
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film fragments from the original powders. While the structures look quite
brittle, there is good to excellent ductility in cold and hot tension
tests, equivalent to or grez .er than that for the cast alloy (see below).
Strength levels at 1800 to 2000°F (982 to 1093°C) (Figures 3 to 7) are also
excellent and not indicative of a brittle structure.

Figure 16 demonstrates the irregular path of the interpowder particle
fracture as the fracture path weaves into the structura on both sides of
the particie boundary.

The spheroidization or solution (partial) of the oxide films would
improve both strength and ductility, perhaps to a degree that would yield
comparable properties to those of the wrought powder alloy.

C. Rupture Life Versus Deformation Rate

Turning to another aspect of this investication, if the average
deformation rates obtained for testing are plotted against rupture times,
a curve yielding a Monkman-Grant(]s) type relationship is obtained (Figure
17). The average curve is drawn at 45 degrees in the traditional manner,
with the 2-sigma confidence limits shown. The scatter is surprisingly
small and supports the contention that these HIP materials are behaving in !

a predictable manner, free of important defects.

One problem in high strain rate testing to obtain hot plasticity data
is that the strain rate figures are difficult to measure (rupture time on
the other hand is easily and accurately measured). Figure 17, permits one

to interpolate strain rate values from the measured rupture life once a few ff

points can be obtained to obt.in this plot.
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D. Ductility

Total elongations of all tests are given in Tables III, IV, and V, and
range from a low value of 1.5% at high strain rates (short rupture tines)
to a high value of about 25% at iow strain rates (long rupture times),
depending on the test temperatures and HIP conditions.

Curves of rupture stress versus elongation for the extreme HIP condi-
tions are given in Figures 18 to 23. Figure "3 is a plot of the data from
the 18C0°F (982°C) tests for the 2050°F (1140°C) HIP material. The plot
{1lustrates. that the material which has been HIP at 2050°F (1140°C) for &
hours shows higher elongation values for a given stress than does the 2
hour HIP material. Figure 18 is a plot of the 1800°F (982°C) test data for
the 2250°F (1250°C) HIP waterial. Here it can be seen that the elongation
for a given stress lovel does not vary significantly with HIP time as it
did in Figure 16.

In plots of 1900°F (1038°C) test data shown in Figures 20 and 21, the
2 hour HIP materjal is superior to the 5 hour material for a HIP temperature
of 2050°F (1140°C) and 1is only superior at lower stress levels for a HIP
temperature of 2250°F {1250°C); elongations of up to 25.5% were obtained
at these lower levels of stress (lower strain rates). In the plots of the
2000°F (1094°C) test datz shown in Figures 22 and 23, at the lower HIP
~ temparature thc 2 hour material 1s superior in behavior; however, for
the 2250°F (1250°) HIP the performance is almost equal, with the §

hour material slightly better.

Figures 24 to 28 are plots of elongation versus the rupture time

for 1900°F (1038°C) tests oi fifferent HIP conditions. These curves
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indicate a tendency of the material towards superplastic behavior(14). In
all the curves, the 2 hour HIP condition offers equal or better elcngation
values at slow strain rates (long time to rupture) than does *the 5 hour
material. These excellent ductility values are maximized for the middle
range of HIP tumporatuves. A HIP temperature of 2150 to 2200°F (1195 to
1220°C) is optimum because the resultant structures ac!eve their highest
ductility values at fracture at the highzst strain rates (short deformation
times), which would simplify hot rolling or forging operations.

Thus, from comparisons of the test data, the test or hot working
temperature offering the highest values of ductility and hot plasticity is
1900°F (1078°C); from additional comparisons, the ocptimum HIP parameters are
a temperature of 3150°F (1195°C) or 2200°F (1220“6). and a pressing time of

"2 or 3 hours.

Recapitulating, the curves described in the previous paragraphs illus-
trate that HIP IN-109 has a behavior typical of wrought or cast nickel-base
superalloys; these curves describe a behavior which is considered to be
encouraging. The ductility or hot plasticity of the HIP product was found
to be an 1mprovement.over that of the cast alloy, but only fair in relation
to the extruded material. For example, the elongation of a typical cast
IN-100 product at 1900°F (3J38°C) is approximately 6%(15), the elongation
of a P/M HIP IN-100 product at 1900°F (1038°C) was found in this investiga-
tion to be 25% (maximum), however Moskowitz(]4) reported that extruded P/M
IN~100 exhibitad elongations at 1900°F (1038°C) of 100 to 150%. This many-
fold superiority of the extruded product can be attributed to the elimina-
tion of the detrimental effects of fine oxiae films originally residing on

powder particle surfaces. Any further increase in the ductility of the HIP

] |

- .k
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material must come from the dissolution or break-up of thase boundary films.
Conclusions

The hot workability of HIP IN-100 powders was studiad within the
temperature range 1800 to 2000°F (982 to 1093°C), at strain rates of about
10°¢ to 107! sec”. The ranges cover the temperatures and strain-rates of
commercial interest in industrial hot working operations. From the tests
run and the data evaluated the following conclusions were drawn:
1) The HI? IN-100 powders which were HIP for a period of 2 hours generally
exhibited mechanical properties and behavior equal or superior to those of
the material HIP for § hours. It would be desirable to avoid use of longer
HIP cycles for obvious cost reasons. |
2) The optimum HIP parameter conditions were temperatures of 2150°F (1195°C)
or 2200°F (1220°C), and a pressing time of 2 to 3 hours, with the possibility
of improvement with increased HIP pressures.
3) The optimum temperature for hot pressing (in terms of resultant ductility)
was found to be 1900°F.
4) The optimum deformation rates at this temperature (in terms of ductility)
were found to be 107% to 107 seconds™!.
5) At elevated temperature, the HIP material exhibits tensile mechanical
properties superior to those reported for the cast material.
6) The presence of powder particle oxide films prevents perfect bonding
of the powder particles during the HIP cycle.
7) Low strain rate (1072 to 10™* per sec), tensile type testing at

intermediate to high temperatures offers a good approximation of hot work-

ing operations.
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TABLE 1
_IN-100 Composition

Element™ As-Cast Low C Powder** Normal C Powder**

N{ Bal. Bal. Bal.
cr 10.5 9.20 9.52
Co 5.4 14.90 15.01
Mo - 3.02 2,92 3.07
Al 5.55 5.65 5.73
T 472 468 4.7
¢ 0.16 - 0.018 0.178
B 0.015 0.014 0.018
Ir 0.06 0.07 0.05
v 1.05 0.94 0.98
Fe 0.94 © 0.46 0.01
Mn 0.10 0.10 0.01
si 0.05 0.10 0.02
S 0.007 0.006 -

Gas Analysis
Low Carbon - REP Argon Atomized (used in HIP)

02 130 ppm
Hy 7.5 ppm
Ar 16. ppm
He nnne
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TABLE 11
Size Range and Screen Analysis

Size Range: -500 + 48 Mesh ~-20 to +295 um
Screen Analysis:
Mesh _lm X

-25 +35  -620 to +417 0.0
<35+ 60  -417 to +230 4.5
-60 + 100  -230 to +149  41.5

<100 + 200 -149 to +74 41.4
-200 + 325 -74 to +44 11.3
-325 + -44 to +20 1.3
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. TABLE VI
Comparison of Rupture Strength Superiority with HIP Time LY

-HIP Time Exaibiting
Suparior Stydss; Rupture

1800°F Tests
HIP Temperature
2050 5 hours A
2100 S hours i
2150 5 hours v
2200 5 hours
2250 5 hours i
1900°F Tests
HIP Temperature
2050 M1 xed
2100 Mixed f,
2150 5 hours :
7200 5 hours
2250 5 hours
2000°F Tests -
EIP Temperature
2050 Mixed
2100 Mixed "
2150 2 hours !
2200 2 hours

2250 Mixed |




P

~235~

Figure 1b.
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Dendrite structure in REP IN-100 powder (300X).
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Figure 2a. Typical microstructure of IN-100 HIP at 2100°F (1170°C) for 2
hours at 15 ksi (103.4 N/mm2?). Designation: (3A68-2) (200X).

Figure 2b. Typical microstructure of IN-100 HIP at 2250°F (1250°C) for 5
hours at 15 ksi (703.4 N/mm?). Designation: (2L43-1) (200X) Taken after testing.
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Figure 3.

DEFORMATION RATE - (SECONDS™)

Stress vs. deformation rate plot for IN-100 HIP at 2050°F (1140°C)

for 2 and 5 hours.
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Figure 4. Stress vs. deformation rate plot for IN-100 HIP at 2100°F (1170°C)

for 2 and 5 hours.
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Figure 5. Stress vs. defcrmation rate plot for IN-100 HIP at 2150°F (1195°C)
for 2 and 5 hours. .
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Figure 6. Stress vs. deformat'ioﬁ rate plot for IN-100 HIP at 2200°F (1220°C)
for 2 and 5 hours.
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Figure 7. Stress vs. deformation rate plot for IN-100 HIP at 2250°F (1250°C)
for 2 and 5 hours.




Figure B. Typical post-test photomicrograph of IN-100 HIP at 2250°F {1250°C)
for 2 hours; designation (2L49-2); tested at 2000°F (1093°C); 106 ksi
(73.1 N/mm?), Deformation rate: 5.7 X 10°° sec™ ! (400X).

Figure 9. Typical post-test photomicrograph of IN-100 HIP at 2250°F (1250°C)
for 2 hours; designation (2L43-2); tested at 1900°F (1028°C); 335 ksi
(231 N/mm?). Deformation rate: 3.1 X 10°“ sec . (200X).
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Figure 10. Typical post-test photomicrograph of IN-100 HIP at 2250°F (1250°C)
for 5 hours; designation (2L46-1); tected at 1800°F (982°C); 248 ksi (170.9
N/mm?). Deformation rate: 4.6 X 107 sua™t,  (200X)

Figure 11. Typical post-iest photomicrograph of IN-100 HIP at 2200%F (1220°C)
for 5 hours; designation (2L42-2); tested at 1900°F (1038°C); 148 ksi (111.8
N/mm?), Deformation rate: 2.3 X 1073 sec™!, (200X)
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Figure 12. Typical post-test photomicrograph of IN-100 HIP at 2150°F (1195°C)
for 2 hours; designation {2K12-4); tested at 1900°F (1038°C); 189 ksi (130.3
N/mm?). Deformation rate: 2.7 X 10°“ sec”!. (200X).

160

Figure 13. Typical post-test photomicrograph of IN-100 HIP at 2050°F $1140°C)
for 5 hours; designation (3A53-3); tested at 1900°F (1038°C); 232 ksi
N/mm?). Deformation rate: 2.0 X 107° sec’ !'. (200X).
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Figure 14. Typical SEM fractograph of IN-100 HIP at 2200°F (1220°C) for 5
hours; designation (2L52-4); tested at 2000°F (1093°C); 80 ksi (55 N/mm?).
Deformation rate: 1.4 X 10°% sec”!. (130%).

Figure 15. Typical SEM fractograph of IN-100 HIP at 2150°F (1195°C) for 2
hours; designation (2K12-4); tested at 1900°F (1038°C); 185 ksi (130.3 N/mm?).
Deformatinn rate: 2.7 X 10°* sec '. (119X).



Figure 16.
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Typical post>test photomicrograph of IN-100 HIP at 2150°F

for 2 hours; designation (2K12-4); tested at 1900°F (1038°C); 189 ksi
N/mm?), Deformation rate: 2.7 X 107" sec . (1000X).
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Figure 17. Typical rupture time vs. deformation rate plot (Monkman-Grant)

for material HIP at 2050°F (1140°C) for 2 and 5 hours.

(982°C).
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Figure 19. Stress vs. elongation curve for IN-100 HIP at 2250°F (1250°C)

tested at 1800°F (982°C).
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Figure 20. Stress vs. elongation curve for IN-100 HIP at 2050°F (1140°C)
tested at 1900°F (1038°C).
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Figure 21. Stress vs. elongation curve for IN-100 HIP at 2250°F (1250°C)
tested at 1900°F (1038°C).
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Figure 22. Stress vs. elongation curve for IN-100 HIP at 2050°F (1140°C)
tested at 2000°F (1093°C).

490 28
“
of % 2000F
AXY D —————
. h
- b
S 20 HIP- 2250 F i
I 15 KSI 45
®» O -2hr =
a ® -5hr =
L]
o
A ~ o
w oL \::..‘\ L
£ g J =
€D - T~ 1 @
~ 1
- E
S§- 435
] 1 1 l 1 1 ] A M | L1 1 ;] e o
[ 2 3 4 10 n 2 -

s 6 7 € 9
ELONGAT ION ~-(°%)

Figure 23, Stress vs. elongation curve for IN-100 HIP at 2250°F (1250°C)
tested at 2000°F (1093°C;.
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Figure 24. Elongation vs. rupture time curves for IN-100 HIP at 2050°F
(1140°C) tested at 1900°F (1038°C). at
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Figure 25. Eloncation vs. rupture time curves for IN-100 HIP at 2100°F
(1170°C) tested at 1200°F (1033“C). -
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figure 26, Elongation vs. rupture time curve for IN-100 HI? at 2150°F
(1195°C)tested at 1900°F (1038°C).
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I Figure 27. Elongation vs. rupture time curve for IN-100 HIP at 2700°F
(1220°C) tested at 1900°F (1038°C).
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Figure 23. Elongation vs. rupture time curve for IN-100 HIP at 2250°F
(1250°C) tested at 1500°F (1038°C).
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Distribution of Plastic Strain and Triaxial

Tenslle Stress in Mecked Steel and Copper Bare

(*) . *) (**)
A. S. Argon, ’ J. Im, and A. Needleman
Massachusetts Institute of Technoiogy, Cambridge, Mass.

Abgtract

The digtributions of plastic strain and triaxtal tensile strese
" have been computed(by| both) an approximate method based on an extension
of the Bridgman development and by a finite element analysis in

trhomogeneously deforming bare after necking. The computations have

been made for both initially emooth bare as well as bars having
mochined initial natural neck profiles, for two types of stress-strain
benavior, modelling a spheroidized 1045 steel and a jully aged

Cu~0.86% Cr alloy. The resulte of the finite element analyeis show

that the approximate method based on an extension of the Bridgman

development 18 good only for elightly necked bars. In more acutely
\ mecked bars the Bridgman development i6 good only near the amter of
' the neck. Some experimental results on strain distribution and on

neck profilee are also preéented.

(*) Department of Mechanical Engineering

(%*) Department of Mathematics
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I. Introduction ‘ o . .
The distribution of stress and strain in a vecked tensile bar ' |

hus been of interest for some time not only for the purpose of

[

obtaining true stress true strain curves for large plastic strains

but-also for the purpose of elucidating ductile fvacture. In his
(1)

ploneexring study on the effect of pressure on fracture Bridgman
obtained an approximate solution for the distribution of stress and
plastic strain across the plane of>the neck, at the narrowest

cross section fér a given longitudinal profile radius of curvature o%
the neck in a round bar made of a non strain-hardening material.
Experiments(l'?) have shown that the Bridgman solution is adequate for
most applications in correcting stress straln curves in the post- .
necking range where the strain hardening rate has reached low values.
The Bridgmaun solution has, however, also been used(z’s) for initially ~ » : o
mnchined grooves in round bars with appreciable Qtrain hardening

(%)

rates. Clausing has demonstrated that in such instaﬁces the axial

plastic strain increments may uno longer be uniform aléng the plane of

the neck as 1s necessary for the Bridgman solution, making that

solution no longer valid (for a discussion see McClintock(S)). There ;
have been other solutions for planc strain configurations for non-

) and strain hardeuing materials(6) which, however, do not

)]

hardening
lend themselves as readily for experimental studies. Receutly Chen
and Needieman(a) have independently obtained solutions for the necking
of an initially round bar made of an elastic-plastic strain hardening

material, from which it 1s possible to determine the changiag shape

of the neck with increasing extension of the bar as well as the current




stresges and strains throughout the bar. Of these two solutions that
of Chen predicts radial stresses across the external boundary of the
neck and is therefore, not fully reliable; on the other hand the
solution of Needleman utilizing a finite elemené-numerical approach
does not have such shortcomings.
As the accompanying paper(g) demonstrates, the necked region of

a bar with 1ts distribution of plastic strains (and therefore
hardnessen) and triaxial tensile stresses, along the axis 1is a
conveni§ﬁt plastic flow field for experimental stydies of inclusion
sgparauion and plastfc hole growth. It was therefore - nsidered
usefu) to obtain a mumber of solutions for the distribution of the
plast&c strain aﬁd triaxial tensile stress aloﬁg the axis of a bar

th;a variety of initial peck contours and made of material having

plasﬁic stress strain. curves of some hqmmon metals such as steel

and cbppet. Here we describe the results of a set of such numerical
\
(8)

compufacions using the approach of Needleman' ‘. However, we develop

first an approximate solution by extending the Bridgman development.

II. Bounds for the Stress and Strain Distribution
in the Neck Region.of'a Bar.
Rhes and McClintock(IO) have argued that uaeful bounds t6
the distribution of strains (and somctimes stresses) in a problem
involving plastic flow of a strain hardenin: material can be obtained
from two solutions for limiting behavior. 1In the first solution the
material is wodelled as a plastic rigid, non—hardening ona with a

yield stress resulting in the expansion of the same amount of plastic

work as in the real stress strain curve over the range of plastic
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strains of interest. In the second solution the material is wodelled
as a linearly hardening one with zero yi‘eld stress and a Poisson's
ratio of 0.5 to siamulate no change of volume. Thése solutiong for the
necked bar are readily obtainable for given neck dimensions and
furnish bounda for cases in vyhich the rumerical solutions of the type

to be prasected below are unavailable.

A. Non Strain Hardening, Rigid Plastic Material
The distribution of the triaxial tensile stress along the axis of
the bar in a non-hardening xigid plastic material with vield stress
Y° is readily obtainad by the method of Bridgman in which it is

sssumed that the surfaces of constant principal stress in the region

of the neck ha.ve uniform curvature as shown in Fig. 1. The resulting
distribution of triaxial stress O along the axis ;)f the specimen

a distance z mwa).v from the plane-_(;f the neck 18 then given by

(see Appendix )

2.
EY; =_é_ + (i + %e) -~ £ %Z+M('+§gﬁ (r=o0) 1
o A+ 24k + 2 '
where R is the minimum longitudinal (profile) radius of curvature at
the neck and, a the radius of the narrowest portion of the meck. The
expression given in Eq. [1] developed on the assumption that the
principal stress surfaces are portious of spheres with decteasihg
radius of curvature going away from the plane of the neck will hold
only over the region of the neck in which the curvature of the
external profile remains concave outward. This will be at most only

over one radius a along the axis. The distribution of the triaxial

tensile stress along a radial line in the plane of the neck, as given
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initially by Bridgman is

; y J R.— 3
o) G

-

As §s well knowm, the triaxial tensile stress in the Bridgman
solution is waximum at the renter of the neck and drops to lower
values aloné both & radial line and an axiasl line away from the center.
A good measure for the local equivalent plastic strain increment
along the axis in the neck region can be obtained from the reduction of
net area of a principal strain surface as shown in ¥Fig. 1. Point
z, aloag the axis and lying on a principal surface of radius of
::tvature R; noves affer straining to a new point zq lying on another

principal surface of radius of curvature R{ obeying the constraint

that the volume bounded between the plane of the neck and the principal
strain surfaces before and after straining is constant. Then the
equivalent plastic strain at the final point 2 along the axis is

given by

eP o (K;)-z(l— Cno(o)_
(R.:)z(l - Cn°<l)

(3]

where the angles al and cx.O obtained from the tangents to the externmal
surface at the pézzls OE-ZLtersection of the final and initial principal
strain surfaces can be readily obtained from a graphical construction,
once the initial position z, corresponding to a final position z3 is found
from the constraint of gc;;:;nt enclosed volume mentioned abovét—-The
same restriciton discussed above in connection with Eq. [1] also applies

to Eq. [3].
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B. Linearly Hardening Material with Zero Yield Stress
The distribution of triaxial tensile stress along the axis of the
bar for a linearly hardening uaterial. can be obtained directly from
the theory of streas_ concentrations in circuumferentially grooved

elastic bars given by Neuber'™) and 1s

C

r '
9T . : (r=o0) (4]
% Z\*
a |/ l +(a)
. a a
where C - | + i ¢’,+ R | .
2@+“+%+i>
R 3 [5a]
- - d.;/u- 3
a = - , and {5b]
' iﬁ:
P A -
G} = ?I:Z?' i the average ligament stress.

The distribution of triaxial tensile stress along a cadial line
in the plane of the neck, also giveua by Neube-r(ll) is

[ __c(}%)'z. (z * o) | te]

Examination of Eqa. [4] and (6] shows that for a linear material the

Sl
S

largest triaxial tensile stress occurs at the outer surface of the meck,
drops along a dlameter to a minimum at the center of the neck and

continues to drop from this minimum valve to still lower values along

-
i
|

-
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the axis going away from the plane of the neck.

Comparing the linear material to the uon—hardeniné mnaterial, it
is found that'the triaxiality (the ratio of the triaxial temnsile stress
to the flow stress or the average ligament stress) is normally somewhat
higher for the linear material on the surface of the neck while in
the center of the neck. the non-hardening material develops the higher
triaxialicy.

In most ductile structural materials, the strain hardening rate
at room temperature decreases rapidly with incressing plastic strainm,
making the bound based on the non-hardening material a closer represen-—

tation of reality than that based on the lineer material,

III. Experiments on Neck Profiles

As already wentioned above the Bridgman solution requires that the

axial plastic strain increments are constant at every point on the plane '

of the neck. Clausing(a) recognized that in bars with an initially

machined profile this need not be true. Norris(lz)

has demonstrated
that a test for the uniformity of the axial strain through the plane
of the neck is that the ratio of the increments of plastic strain
at the surface of the neck must Be ‘

P
dez.

__F - . [7]
AE gy
at all times. If the absolute value ot this ratio is larger than 2

then the axial riastic strain increment in the interior is less than
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circunferential grooves with constant radius of curvature the abso-~

lute value of the ratio givgn in Eq. [7] at the start of straining

was always larger than 2 and differed from 2 the wore, thé larger

the 1n1tal.2£§_ratio (Fig. 1). Upon straining, the ratio asymptotically

approached 2. .
The departure from a condition gf uniform axial strain in bars

with initially wmachined longitudinal profiles is firstly a result of

an initial uniform hardness and secondly a departure of the machined

profile from the natural n:ck geometry. While nothing can be done

about the uniform initial hardness, it is possible to starxt with a

machined natural neck profile to eliminate the second cause. In a

first step to test this possibility, a number of natural neck profiles

were carefully measured on a very ductile necked copper bar. From '

such measurements it was determined that the natural neck profile'

can be described to a high degree of accuracy by an empirical equation

of the form(la):
r=a[l-—v(14— ’ -l)] [8]
g T
' 9
. with ’
&(2- %)
V= .a.(z s (9]
A
Z([-ao)
where a and a  are the radius at the neck and the uniform radius of
Y (%)

the shouldexr at a great distance from the neck respectively.

Two OFHC copper specimens were machined to ag a/R ratio of
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0,5 with natural neck profiles obtained according to Eq. [8]. They
were then given a mechanical surface polish and were pfovﬁded with
a carefully i;scribed square grid at the neck region, and were subse-
quently anneaied in vaccuum. These specimens were then strained a
number of steps further and the changing dimensions of the grid werc
photographiqally measured. Figure 2 shows these measurements plotted
on logarithmic axes where they produce straight lines the slopes of
which give the ratio of the plastic strain increments on the sutface.
Concidering that the material is of uniformly 1o initial hardness and
that it will undergo considerable stra;? hardening in the 1nit;a1
phases of deformationAit can be concluded that the natural neck profile
has reversed the trend discussed by Norrig.(lz) Thus, the Bridgman
analysis applied to specimens with initial natural neck profiles should
give the best approxiﬁate procedure for obtaining the distribution of
stresses and strains in a ductile fracture study——short of obtainicg
a numerical solution of the type to be discussed below.

In the accomﬁanying study on inclusion separa;ion Argon and Im(g)
have found it necessary to obtain the stress and strain distribution

in necked bars at points along the axis, too far removed from the plane

of the neck so that the stress and strain distributions given by

Eqs. [1] and [3] become unreliable. It was necessary therefore to

obtain wore accurate numerical solutions by means of the analysis of

(8)

Needlenan.

(*} In the preparation of €h¢ gaper a different functional form for the
neck profile due to Dondik (14. has come to our attention which gives
equally good agreement for the profile as our form presented above.
Since neither form has any basis in theory it is difficult to prefer
one over another.



-260-

1v. Mmerical Computation of the Stress and Strain
Distribution in Necked Bare of‘éteel and Copper
A. Stress Strain Curves for Steel and Copper
In the numerical anelysis of Needleman the stress strain curve of

a metal is modelled as

) (e 4
5(&) ()

where €, = Y,/E is the elastic strain at yield and Y, is the yield

e = [10]

stress in tension. It is understood that stresses and strains given
by Eq. [10] can stand for equivalent stress and equivalent strain in
al, flow theory with isotropic strain hardening.

The experimentally obtained stress strain curves at room temper-
ature for a spheroidized 1045 steel, and a copper - 0.6% chromium ;
alloy are shuwn plotted on logarithmic coordinates in Figs. 3 and.4. The
heat treﬁtment procedure and state of microstructure is discussed
in the accompanying paper by Argon and Im.(g) It is sufficient to -
point out here that in both materials the preciptate or Inclusion
spacing was so large (average particle épacing in.exceés of 5x 10-4 cm) thap
these particles could not have contributed more than a maximum of 2%
to the flow stress. Hence the stress strain curves in Figs. 3 and
4 are considered to be a good representation of the polycrystalline
behavior of these materihls.in pure form. |

Figures 3 and 4 show that the experimental étress strainr curves for
low carbon steel and copper do not completely fit the form of Eq. [10]
over the entire range but good fits over parts éf the entire range
can be obtained by appropriate choices for fi.and n in Eq. [10]. Thus

tor steel a choice of _61_ = 0.0072 and n = 8 (used by Needleman(e))
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appears best suited for the low strain range while a choice of
ey = 0.0094 and n = 4 is best for intermediate and large strains.

Correspondingly for copper while a choice of ey = 0.0072 and n = 3 18 good

for intermeidate strains, a choice of ey » 0,00416 and n = 2.5 ie

well suited over the entire-rangef*)

B. Nunerical Results for Stress and STrain Distributionc in
Smooth Bars and Bars with an Initial Necking Profile
The numerical, finite element technique used by Needleman(s) for
initially smootﬁ bars to compute the shape of th: necked region and
the stress and strain distribution in it after bifurcation (for the
details of the original solution see Needleman(s)) wags refined and
generalized to deal with bars witk arbitrary initial profiles. The
refinement consisted of decreasing the grid size of the initial
computation down to half its value while the generalization involved
the use of the empirical profile curves given by Eqs. [8] and [9] to
determine the nodal points in the finite element grid f&r two initial
E{E_ratios (Fig. 1) of 0.5 and 1.0. The two finite eiement grids
obtained in this procedure for these two profiles are shown in Figs.
[5a] and [5b]. The finite element grid was chosen long emough to make
‘the deformations and stress distribution in the neck reglom insensitive
to the details of the boundary conditions away from the neck. As
found earlier by Needleman, this can be comfortably assured by a
length té radius ratic of 4. ‘The boundary conditions used in the

¢ sputations were, uniform distribution of o,, away from the neck, zero

radial displacement along the axis, zero axial displacement along the

plane of the neck and sero U,.,. along the outer surface. In all

(*) It must be emphasized here that these yleld strains are chosen for

the best fit to a power law. The actual yleld strains are different,

they can be obtained from Tables I-IV bv dividing the given yileld stresses
by the appropriate wecduli.
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computations the length dimensions were normalized with the inital

radius a, avay from the neck, and all stresses were normalized with

the yield stress in tension Yo' For precision, each rectangular element ehown

in Fig. [5] was further divided into four triangles by connecting the nodes, ar
the computationc were continued for as long as proper convergence was possible.

Two sets of three computations were made for initial a/R ratios

of 0, 0.5 and 1.0, for steel and copper. : '

‘.1, Results for Stael. i
The resulcs of the finite element computations for steel for

three initial :_l_l; ratios sre given in Tables I, !:I. and IIY where the
distribution of equivalent plastic strain and triaxial tensile scress
along the axis is tabulated fors bue mle:ages of decreasing area ratlo
at the neck. These distributions are also shown graphically for‘reveqaL o ';
area ratios in Figs. 6-8. The broken curves have been obtained by VV N
graphical exisapolation. These figures show that the inhomogeneous
distributions of st. < and strain in the neck are quite localized.
Ihe. dotted curves in F. “% labelled with primed numbers show the ' O

distribution of triaxial tenei.. stress computed by the extension of

[

the Bridgman analysis according to Eq. -[1] for a constant flow stress

. .
Na -

equal to the flow stress at the neck. Evidently when the nécki.ng is

only slight the extended Bridgman analysis gives a good approximation

_ Py
of the actual distribution. When the neck gets more acute the -~
extended Bridgman analysis overestimates the range of the zone of j
enhanced triaxial stress.

3

{

2. Resulte for Copper -

The results of the finite element computations for copper for -_}

the same three inital a/R ratios are given in Tables IV, V, and VI

a—me A




where again the distribution along the axis of equivalent plastic
strain and triaxial tensile stress is tabulated for several staﬁes of
decreasing area ratio, These distributions oﬁ plastic strain and
triaxial teusile stress along the axis are also shown in Figs. 9-11,

which regemble closely the curves for steel.

V. . Discussion

The exﬁeusion of the Bridgman solution discussed in Sect. 2.1
rwhere the material is modelled as nnn-hardeming, and the linear
hardening solution discussed in Sect. 2.2 where the material is
assumed to have a negligible yleld stress and linear hardening must
now be compared with the finiie eleweut @olucion for a haxaeniﬁg
material, presented ih the last section. As argued by Rhee and
McClintock(lO) these two solutioms will normally prcvide bounds for
strain conccatvations in materials wiih fiaite yield stress and non-
linear strain hardening behavior. Although Rhee and McClintock
furﬁished no proof for their assertion, all the examplés which they
cited in their work were in support of this rule. The developments
in Sects 2.1 and 2.2 ghow that this rule which appéara to hold for
strain concentrations does not necessarily apply to stress concentrations
in inhomogeneous plastic deformation, especially if the stresses
have a strong component of triaxiality. Divect comperison of the
extension of the Bridgman analysis for the distribution of triaxial
stress along the axis with the results of the finite element computa-
-tion demonstrates (see Fig. 6b) that this solution is rather good near the neck

for not too acute neck profiles if the constant yield stress required

in the solution is taken as the fiow stress corresponding to the average
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plastic strain across the plane of the neck. In comparison to the
Bridgman solution the lineur solution is rather poor and does not
even parallel the Qétual triaxial stress distributiom qualitatively.

Comparison of equivalent plastic strains at the centér of the
neck obtained.by the finite element computation and showm in Figs.
6a-1lla with the average plastic strain at the neck obtained from thé
area ratio shows that these computed strains are largsr than the
average strain for casee in which tge bar was initially smooth
((aln)i- 0),(see Figs. 6a and Sa), and smaller than the average
strain for cases in which the bar has an initial natural nack profile

((aln)i > 0) (See Figs. 7a, 8a, 10a, 1la). This differxence is probably

" attributable to the initiation of yielding on the surface in the
cage of the bars with An initial profile. In all cases this difference
vhich signifies a non-uniformity of strain across the meck is small
and exparinental}y not readily obsexvable (see Fig. 2), pr&vided the
bars have a natural neck profile.

The distribution of triaxial tensile stress along the axis
as given in Figs. 6b — 1l1lb shows this stregs in units of the initial
yleld stress Y . Since the local flow stress has risen as a result
of gtrain haézz;ing this ratio does not repregsent the actual
triaxiality, i.e the ratio of the local equivalent flow stress Y.
The actual triaxiality for all six computed cases is shown plotted
in Figs. 12a - 12f, togethér with the actual magnitudes of the local
triaxial strees component and th~ local equivaleﬁt flow stress. These
figures show that the triaxiality is acceatuated to a value well

above unity at the center of the neck for the c&aes where (a/R)i =1,

It must be observed paranthetically here that the curves in Figs.




12 ~ §2f represent Btapes of additional extepsion of thene

initial geometries eorresponding to :ZE;

ratiosr—kh‘given in the figure captiona. The triaxiality decreases

steadii;_glong the axis and near the shoulders drops below the level
of average triaxiality existing in the smooth portioms of the bar _
away from the neck.

The changing triaxiality along the axis of the necked bar is
of interest in initiation of holes from inclusions and their subse~
quent growth leading to ductile fracture. This aspect of the distribution
will be used in the accompanying study of Argon and Imcg) to test
possible critexria for separation of non-deforming inclusions from

the deforming ductile matrix.
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Appendix :
Extengion of the Bridgmen Solution for Triaxtal
Strese Distribution along the Axiq of a Necked Bar i
Referring to Fig. 1 and considering,after Bridgman, that the surfaces of
constant principali stress are portions of spheres or rotationally
symme“ric surfaces having segments of circles as generators, the differ-
ential equation of equilibrium in the axial direction can be readily

written as(ls)

003 +

2y ",,5/(2021 "(r"'") = 0 [Al] |

vhere R' represents the radius.of curvature of a principal stress
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contour as shown in Fig. 1.

The Mises yield condition gives
Tr =Gz = £, [(A2]

Furthermore £rom the assumption of the shape of the prineipal
stress surfaces, the curvature of the principal stress eurface at any

point z away from the plane of the neck, is by geometry

J 2z
R’ 2t 4 a(22 +4)

(a3]

uhere_g is the radius of the neck at the plane of the neck and_E-the
profile radius of curvature of the neck.

Since the axial aFress ozz at the center of the uneck is known °
from the original solution ofﬁg;idgman. the differential equation in
Eq. [Al] can be directly integrated along the axis (Eig) after substitu-

‘tion of Eqs. [A2] and [A3]. The result is

L W (" %{) - 22+ A+ &) [A4]

Yo . (&+ 2aR —+zz)

Noting that zliong the axis urr - ooo and that G}T_is directly obtainable

from Eq [AZ] once g,, 18 known, the triaxial stress can be readily
computed and is the exptession given in Eq. [1].
As already mentioned in Sect. 2, this extension of the Bridguan

éolution is only good near the plane of the neck where surfaces ox

constant principal stress can be approximated by'portions of gpherical

surfaces. Comparison of this solution with the finite element solution
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shows (FPig. 6b) that althougzh this is satisfied for necks with small
a/R ratios, up to z/a = 1, for wore acute necks with higher a/R ratios

the solution baging to bresk down for z/a = 0.2S.

b
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Table I, BEguivalent Plastic Strain and Triaxial Tensile Stress
Distribution in a 1045 Steel Bar

(aIR)i -0, n= 8, cy = 0,0072, Yo = 68.6 ksi.

1 11 II1 v v
a/a:l = 8867 a/a, = .8178 a/a, = .7878 a/ai - 7774 a/a, = .7668
= - =5 | =P |0./Y |z/a AL =P |0, /Y
z/a° € oT/Yo z/ao € chYq z/ao € I T’ "o o € | T/Yo z/ao E;l T o

.059 .251 .678| .070 .429 .993| .076 .508 1.158(.078 .536 1.220{ .080 .566 1.284%
170 .249 .672).209 .419 .959| .225 .493 1.103.232 .519 1.155].238 .545 1.210
.292 .246 .6611 .346 .402 .896| .372 .466 1.001] .382 .487 1.037] .392 ,508 1.080
408 2641 .644) .480 .378 .B10| .515 .430 .867) .527 .446 .884 .54Q 462 .900
.524 .235 .623] .611 .351 .710] .652 .388 .716| .666 .400 .713} .680 .411 .707
638 .228 .398( .724 .321 .602} .783  .347 .558] .799 .355 .537| .814 .361 .508-
.752 .220 .570} .853 .293 .507{ .909 .309 .402] .926 .312 .362{ .942 .315 .316
.865 .212 .540} .983 .265 .386(1.031 .274 .249(1.048 .275 .191(.064 .277 .128
.977 .203 .51071.100 .241 .284 1.149 .244 .106 1,166 ,245 .03511.182 .245 -.037
1.088 .194 .48001.219 .219 ,186]1.264 ,221 ~.015/1.280. .220 -.082[L.297 .220 -.141
1.198 .186 .451[1.326 .202 .100]1.376 .201 -.081{1.392 .201 -.126 |L.409 .201 -.165

1.307 .178 .423|1.437 .186 .041{1.486 .186 —.084}j,503 .185 ~.116]1.519 .185 <~.l44
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Table Il. Equivalent Plastic Strain and Triaxial Tenaile
Stress Distribution in a 1045 Steel Bar

(a[R)i L 0.5, n=- 6' ey - 00m9‘. YO = 50ksi.

1 11 Yo e v v

aja, = .8241 alay = \7754 a/a, = .7251 ala, = .6754 a/a, = .6473

a/zo Epio'rno ”ao Gl o /Y |z/a &lon z/al € |o. /T z/a e lo.N
I : T o o T "o o T "o o T o
.050 .355 2.079].056 .463 2.525/.063 .580 3.02)f .071 .702 3.520f .076 .73 3.948
.149 332 1.961) .165 .426 2.327| .184 .520 2.710) .206 .612 3.oeﬁ .220 .664 3.351
266 .293 1.761) .270 .363 1.981] .298 -427 2.199 .329 .480 2.384 .348 .509 2.484
.339 .25 1.4670.370 .291 1.575 .403 .327 1.634 .438 .353 1.64d .459 .364 1.650
431 .195 1.175 .464 .722 1.169 .500 .239 1.092 .537 .248 .970| .559 ,252 .903
.520 .150 -899f .556 .165 -798) .592 .169 .616| .629 .171 .409 652 .172 .300
.608 .112 653} 645 .116 .478 ,682 ,118 .241{ .719 .117  .039 ,741 ,.117 -.056
.696 .081L 450 .733 ,082 237 .770 .082 .044] .807 .080 -.102 .829 .079 -.173
.785 .058 .285 .822 .057 107 .858 .055 -.030) .895 .054 ~.137 .917 .053 ~-.189
.875 .040 .182 911 .039 .057 .948 .038 -.041] .984 .036 ~.119(1.006 .036 -.159
.967 .028 .1324,003 .027 .0441.039 .026 ~.027(1.076 .024 -.0851,098 ,024 -,115
1,060 .020 .0971L.096 .019 .0361,133 .017 -.016{1.169 .016 -.0601.191 .015 -.083
1.156 .014 .0841.192 ,013 .0401.228 .012 .002}1.265 .0l1 -.03%i.286 .011 ~.051
1.255° .010 .0821.291 010 .0511.327 .009 .0211.363 .008 -.0061.385 .008 -.021
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Table IV, Equivaient Plastic Strain and Triarial Teneile Streas Distribution
in & Cu-0.6% Cr. Jar

“’“’1 =0, n-=«3, ey = 0.0072, 1, = 13 ksi.
) ¢ II II1 v _ v
n/ai = .8001 a/a1 = 7566 a/ai = ,7043 a/ai = 6462 a/ai = ,5880
z/a Gi OT/Y; z/a G UTIYO zla & Op/Y | 2/8 oY, z/a Gl GT/YO
.073 .460 1.539] .080 .580 1.920; .093 .733 2.477] .110 .900 3.187| .136 1.098 3.978
.215 .458 1.528] .245 .572 1 880} .280 .710 2.352f .329 .855 2.907 ] .394 1.013 3.479
.360 .452 1.509} .400 .559 1.800] .462 .670 2.140] .539 .783 2.425] .627 .877 2.670
.503 444 1.483) .500 .534 1.693) .634 .627 1.844| .730 .700 1.850( .828 .742 1.740
.645 439 1.450f .713 .515 1.570| .802 .580 1.527| .908 .616 1.255({1.010 .630 .808
L785 .432 1.412] .866 .495 1.440| .960 .537 1.233]1.066 .546 712 1.176 541 1,072
926,422 1,3€¢9{1.010 .467 1.304{1.115 .492 94411, 20 .493 .306 1.328 .487 -.200
1,060 .416 1.326]1.151 .444 1.180|1.256 .457 .705{1.360 .452 .170[1.470 .4Si -.148
1.200 .404 1.282{1.300 .424 1.068]1.400 .5429 .55711.507 .422 .216{1.612 ,420 .008
1.317 .398 1.241]1.436 .408 .965|1.539 .408 .545]1.644 .401  ,318{1,756 .400 .165
1.470 .386 1.202{1,571 .397 .886}1.676 .390 .588{1.785 .385 .430|1.892 .380 .312
1.603 .378 1.172{1.708 .379 .850] 1.810 .375 .65711,914 370 ,542}2,020 .365i .§42
71.736 .370 1.140]1.840 ,370 .859]1.940 .368 .72812.017 .365 .640]2.154 .356 .555
1.866 .361 1.113{1,973 .362 .89212.073 .362 .80012,177 .360 .72272.281 .350 .642
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Table V. Equivalent Plastic Strain and Trilaxial Tensile Strens Distribution
in a Cu-0.63% Cxr Bar

(a/R)i = 0.5, n=2.5, ey = 0,00416, Yo = 8.2 ksl

1 BET: 111 ™ v

a/a1 = 7294 a/ai = ,6600 a/ai = .5966 a/ai = 5439 a/a1 = .5082
=P 7 =P =P ) > = 1 o
ZIao € 0,1./1(0 z/ao € OT/YO z/a0 € UT/Yo zlao £ o.r/\(0 z/ao € TT/YU

-9

.062 .570 5.871] .074 .748 7.396f .088 .925 8.734] .104 1.085 10.244 .116 1,202 12.174

.183 .529 5.408] .217 .670 6.600{ .255 .799 7.688 .2vy5 .912 8.75Q .328 1.004 9.891

.300 .462 4.612] .347 .555 5.308] .400 .629 5.922] .453 .¢90 6.514 .500 .752 7.349
408,386 3.702| .465 .439 3,920[ .524 .474 4. 045 .584 .500 4.207] .638 .538 4.794!
513 .313 2.822} .573 .338 2.645] .635 .351 2.384! .697 .301 2.231 .754 .381 2.875
.613 (250 2.048] .675 .259 1.5%2| .737 .26 1.036) .799 -.264 .GBY .858 ,274 I.SIJ
#7699  .197 1.398) .772 .198 .719] .834 .198  .164, .897 .197 -.230, .956 .202 -.093
.805 .155 .888| .867 .154 .309] .929 .152 -.084] .992 .151 -.376/1.051 .153 -.523

.900 .122 ,.585] .962 .120 .194]1.024 .119 -.086;1.086 .118 -.302 1.146 .118 -.392

.995 .098 .46311.057 .096 .194)1.119 .094 -~-.008;1.181 .093 ~-.169 1.242 ,091 -.190

1.092 .079  .422!1.154 .077  .234{1.216 .076 .086|1.277 074 ~-.,034 1.339 .074 -.071

1.190 .064 .431°1.252 .063 ,298;1.314 ,061 .187I1.375 .060  ,094 1.437 .061 .05}

v —

e,

e e —— . e A ——t b = - s~ ot ———————— = St — W ———— ot P o e = Aeh 4 4 o e vt om . ——

=




T0°- 020° Z0Z°T[9€0°  020° S9T°T|S60° T2Z0° SZI'T|I9T° 00" T60°I{6€T° 00" SSO'T{9LE”  O0E0° LGO'T
$0°- 0£0° ZOT°T[600° 620" OLO°T|S80° 0E0® €€O°T|9LT*  BEO° 966° |S87°  LE0' 6S6° [ZLy°  §€0° TT6°
TI°- 66G° STO°T[T€0°- Ov0°® 8L6° {2L0°  G6E0* Tv6" |0OZ® 090" %06' |09€"  S%0° £98° |€T9° Z%0° 8I8"
8T'- 9S0° 926" PLO°- §50° 688" |2L0° 0S0° 7S8° [ISZ*  SSO° SU8* [88y" 650" 08L° [€z8°  ZSO' 6TL
18T~ 9£0° 098" *mo.a 920° £08° |SST*  SL0* 99L° |ITH* 080" 6Z2° |99L° 00T %65° [90T'T €L0° €v9°
S€0°= L0T® (SL* RST®  SOT® 0Z4' [Loy®  OTT® €89° [T9L°  90T* 9v9° |661°T OTI" 809" h9v'T S8D° 135"
r29°  TST® 9£9° ByL®  ZST® 6€9° [9I0°T 9y 209 [60%°T  @HT°* S9S° |OSL'T €4T° 825" |S68°T €2T° 718"
SLL°T TIZ® 965° J6T8'T  OTZ* 6SS* [L86°T €0Z° 2z6’ ({192°T 1T0T™ §8%" |€7¥°T Z51° 8%9' |066'T €SI %0y
392°C Z06* EIS® [R6I'E  Y62° LLy® |91Z°S T8T' Thy" [I8T°C 692" SOv° [2Z9Z°€ O¥ZT OLET |¥26°CT 98T 62E
2TT°S, €6Y° STV sy YTyt T6E |£49°9 €8E® 9€° [S9v°y BYE’ ZIET |62T'Y EOE” T62° |99v°€ LTITT §ST°
SEE°L %09° LZE° 1988°9  09S° 96Z° |LSE'9 SOS°® S9T° [€5L°S Guvt 9€T° |2TO'S O0SE" OTTT [9v6°€ 9vT* I8T”
8L0°0T L18° T1Z° DZ0°6 ZEL* 88T° |590°8 9£9° 99T° |646°9 €75 SHI* |€6L°S 6OY* LTI° |0ZE'9y 0LZ" 60T’
966°TT T00°T %20° [TCE'OT 0L8° S90° |88TI"6 9ZL® LSO® |6%L°L O08S® 233" 10%Z°9 Oyy* €90° (0IS°y 982° (€0°
o_w\u.n«bhmw s/ %1s%0 = °e/2!%2 /% 21 /2 |°1/% 2 ®3/2| %2/t 3| %e2|%x/M0 | @ | %wya
vevs = Fom | Li8g0 = Teye (0v9° = Tv/® 006L* = Te/® 9T9L* = '5/r | T8E8” = E/®
14 A AT I 11 1
Y 2°8 = & ‘91500°0 = °3 ‘s’z =u ‘0°T = T(4/?)

aeg aJZ9°'0-n) ® U} gﬁuﬁﬁﬂuuqﬂﬂ 889138 VITEUI] Hﬂguh. pU® TTeI3S 2FIBBIJ JuaTeAaInby °*IA 9Tq®L




Undeformed neck,
profile

Deformed neck,
profile

Fig. 1 'Changes of neck profile with deformation in a tension specimen.
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0.95, SY - 0.0072, n = 8.
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Fig. 8. Distribution of equivalent plastic strain (a), and triaxial
tensile stress (b) for 1045 steel bar with (a/R)i = 1.0,
(a/R)i = 2ol‘| cy - 0.0094’ n=4,
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Fig. 9. Distribution of equivalent plastic strain (e), and triaxisl
' tensile stress (b) for Cu - 0.6X Cr bar with (aIR)i = 0,
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Fig. 10. Distribution of equivalent plastic strain (a), and triaxial
tensile stress (b) for Cu - 0.6% Cr bar with (a/R)‘; = 0.5,

(‘a/R)f = 2,75, Ey = 0.00416, n = 2.5,
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tensile stress (b) for Cu - 0.6% Cr bar with (a/R)i = 1.0,
(a/&)f Lod 3.82. Cy - 0000416‘ ne= 2056
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Cavity Formation from Inclusions in
*
Ductile Fracture

Massachusetts Institute of Taechnology, Cambridge, Mass. 02139
- Absiract .
The previously proposed conditions for cavity formation from

equiaxed inclusious in ductile fracture have been examined. Critieal

local elastic energy conditions are found to te necessary but

not sufficieant for cavity formation. The fnterfacial strength must

also be reached on part of the boundary. For inclusions larger than

about 400R the energy condition is always satisfied when the interfacial

strength is reached and cavities form by a critical interfacial

stress condition. For smaller cavities the stored elastic energy

is insufficient to open up interfacial cavities. Approximate continuum

analyses for extreme idealizations of matrix behavior furnish relatively

close limits for the interfacial stress concentration for etrain

hardening matrices flowing around rigid non-yielding equiaxed inclusions.

Such analyses give that in pure shear loading the wmaximum interfacial

stress is very nearly equal to the equivalent fiow stress in tension

for the given state of plastic strain. Previously proposed models

based on a local dissipation of deformation incompatibilities by the

punching of dislocation loops lead to rathér similar results for

inte%%cial stress concentration when loecal plastie relaxation is allowed inside

the loops. At very small concentrations of second phase the inclusious

(*)This work has been presented im parc orally at the Third International
Conference on Fracture in Munich, Germany, during April 1973.

(**) Departument of Mechanical Engineering, M.I.T.

(%**) Department of Mining and Metallurgy, Technical University of
Istanbul, Turkey.




do not interact for very substantial awouunts of plastic strain; Iu
this regime the interfacial stress is independent of :l.nclﬁsion size.
At larger concentrations of second phase, inclusions begin to interact
after moderate amounts of plastic strain, and the interfacial stress
cmc;nttation becomes dependent on second phase concentration. The
many reported instances of inclusion size effect in cavity forwation

can be satisfuctoriiy explained by variations of second phase concentration

froa point to poimnt,




I.. Intvoduction

It appears that Joseph Henry(l)

, of electro— magnetism fame, has
recognized as early as 18355 that metals fracture prematurel& by a
process of internal necking when extended by stretching. He advised
that wire drawing and rolling were preterable operations (for this

and other interesting historical perspectives on deformation processing

@),

see Backofen In more recent time; Puttick(3) traced the cause
of ductile fractuie to the development of holes from inclusions (for a
summary of earlier vigvs on ductile fracture and their inadequacy |
(4))'

see Orowan The process has since been investigated extensively
both experimentally and theoretically. The current Jevel of underf
standing of the role of inclueions in ductile fracture has been reviewed
by Rosent1e1d®®. It has now been generally established that once
internal cavities are nucleated from inclusions of second phase _
particles,they can be plastically expanded under various combinrtions
of ghear stress and negative pressure. Analysga of homogeuneous
plastic cavitation by McClintock(G), Rice and Tracy(7) and others ha#e
elucidated the igportance of negative pressures in the flow field

in hastening the plastic hole expansion process. Couparison of such
analyses with experiments have shown that local ductile fracture
requires considerably smallexr average piastic strain as a result of
localization of dilational deformation into zonesca). followed by
formation and propagation of cracks where the hole expansion process
is sharply confined into portions of the highly strained zone in

front of the crack(g'lo). Although these processés of terminal ductile

geparation are not yet fully understood,they are in a far better level
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- of developnent than the initial processes which lead to the rucleation

of holes from second phase inclusion partiéles(s>. On the experimental
side there have been conflicting cbservations reporting the nucleation
of cavities from inclusions anyvhere from immediately upon yielding

to after tﬁe development of very large plastic straing. Cavities have
beeun Yeported to nucleate both'on interfaces by tearing the inclusion
away from the ductile matrix, and by cracking of non-deformable
inclusions. On the other hand aem4 quantitative theoretical studies

(11’12), production

(11,13)

have been ﬁnde,based on release of stored elastic energy
of high stresses by impingement of dislocation pile-ups on iuclusions

sud by :qverae’pi;e-ﬁps of plastic accommodation loops initiated by

a8

punching from the interface More phenomenological models have

also been advanced based on the development of high local shear straius

(15)

at particle interfaces « Here ve willrbriefly rfeview these mechanisms

of cavity nucleation and present new analytical developments on a local
stress criterion of interfacial separation. In the accompanying

paper(ls) we compare the reaults of experiments on a number of inclusion -

bearing metals with these new analytical developments.
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iI. Criteria for Inclusion Separation

A. Assessment of Earlier Developuents

.Although 1t'has often been assumed by the advocates of hole growth
that non-deformable inclusions are either initially not stuck to the
matrix or that they can be separated immediately upon plastic yielding
from the_matrix in which they are embedded, there are many observations
which show that this can only be true in restric..'® ~ases and taat
wost often large plastic strains are required to veur .ocgu-'-as free.
Hence we assume together with most of the former workers who have
considered the problem of cavity nucleation that such holes are a

result of a more or less extenaivg pre-processing. It has been generally

~ observed that while inclusions with large aspect ratio may'undergo

multiple internal fracturing,equiaxed 1pclusions almost always nucleate
holes by interfacial separation. Here we confine our attention only
to the equiaxed inclusions which we will consider as a first appyoximation
as rigid and plasticallf non-deformable. The problem oé non-equiaxed
inclusions, whose behavior depénds on their shape and orientatioﬁ in
addition to their size and spacing is a complex problem end will
not be discussed here. - -

As already mentioned in the previous section, the earlier cénsiderations
of inclusion separation can be grouped into three categories, energy
criteria, local stress criteria, and local strain criteria.

Gurland aand Plateau(ll)

proposed that interfacial cracks could
foru when the locally concentrated elastic strain energy becomes

comparable to the energy of the surfaces to be generated. Considering

no local plastic accommodation and without investigating whether or




not the stored elastic energy could actuslly be released by crack
formation, they based their arguments on dimensional analysis and
concluded that cracks would forn_at lower applied stresses on large

inclusions. As pointed out by Brown and Stobbs(17)

the analysis of
Gurland and Plateau is only a necessary condition for imclusion
separation. A more correct analysis by Tanaka, Mori, and Nakamura
ghoz that in a putely elastic situation, thé energy criterion is
alvays satisfied for particles above a diameter of about 250&, almost
upon yielding. Since in many instances ianclusions of wmore than
hundred times this size have been observed to remain attached to the
yltrix at strains more than hundred times the yield strain it must
be concluded that the energy requirement is only a necessary ome and
thﬁt actual separation requires reaching_the interfacial strength at
the interface at least at some local boints,to provide a nucleus of
separation. It must then follow that for very small particles of
diameter much less than the critical dianete? of 2508 where the energy
criterion may not be satisfied even when local stresses reach the
interfacial strength, stable cavities can not form. The interface
would merely separate a distance of the order of atomic dimensions
relieveing much of the elastic strain energy but still transmitting
long range'attrgctive forces., Similar problems of this nature related
to the very short range singular stress fields around dislocation cores
have been discussed by Stroh(ls). .

Gurland and Plateau(ll) and also Broek(ls) have attributed cavity
formation to impingement of dislocation pile-ups at inclusions in the

(19) and analysed by Stroh(zo). At low

manmer proposed by Zener

(2) has

. |
N —




temperature where slip tends to be planarbcavities tan be progucea

by this mechanism especially if the 1nc1usions have a large aspect

ratio increasing the probability for them to interfére with such planar slip.
Some of the observations on the splitting elongated inclusions is
probably due to this mechanism. Al moderate temperatures in close
packed metals where maﬁy‘equivalent slip systems become operable and
slip tends to becomwe wavy, the ease of secondary slip will make the
development of high stresses difficult or alwost impossibie. Therefore,
in ducti'e fcc me;els and even in bcc metals at moderate temperatures
this mechenism is almost certainly not responsible for cavity formation
around inclusions. Aahby(la) has discussed an ilnteresting altermative
in which primary. deformation incompatibilities do nmot produce cavities
directly, but initiate highly organizeéd secondary slip by punching out
dislocation loops from the interface of the inclusion with the matrix

to reduce the local shear stresses. These loops tpen form reverse
pile.ups and can build up interfacial tensile stresses until they reach
the interfacial strength when a cavity is formed. Ashby's model amounts
to a special upper bousd analysis for plastically dissipating primary
deformation incompatibilites; it is however not an upper bound analysis
for the total problem since the assumed flow field is only local and
does not satisfy the distant deformation boundary conditions of the
entire body. Ashby has shown that this wodel can also be formulated
completely as a macroscopic slip line field in which positive and
negative deformation incompatibilities around the particle can be
balanced against each other by a closed slip line field of four lobes(ZI).

Thus, in spite of the fact that the interfacial stresses calculable

by this model are no better than a high upper bound, the model is




conceptually simple and as we will show later can account readily for

- interactions between particles to explain why large particles lead to

cavity fomt;:lon.before saall particles. , (
Hccuntockus) has given an extemsive elastic-plastic continuum

analysis of atress distributions around cylindrical particles in

anti-plane strain, where it is sliown that large atrain concentrations

e

can develop around non-deforming particles in non-strain hardening
watrices. Arguing that similar strain concentrations must also occur i
in plane strain deformation and that such high strain concentrarions in
crystal plasticity are usually composed of dislocat{on pile-ups, McClintock
has suggeoted that cavity formation at interfaces may obey :—;rit;cal . S
local strain criterion,or alternatively  a criterion that may be a
uixture of a critical interfacial shearing strain and an interfacial
normal stress. The nature of this combined criterion has not been
claxified. Most 1nvastigator§ have adopted one of the above criteria
to explain their results. ' ‘ -
Below we will consider the separation primarily of only large particles
for which the energf criterion'is always satisfied and cavity foﬁation : ‘
can be expéctqd‘GO depend on raaching locally a critical ianterfacial

tensile strength.

B. Critical Stress Criteria Based on Countinuum Deformation _ ‘ {

In most instances ductile fracture results from cavities formed
around ioclusions of micron size. On the other hand,transmission
electron microscopy of dislocation structures around inclusions of T

sub-uicron size have shown that the spacing of the surrounding dislocatious

in the high strain gradient zones are very much smaller than the particle ‘




diameter, suggesting that at least for large particles a continuum
analysis of deformation is proper. On the other hand dislocation

structures around small particles of only several hundred Angstrous

(17,22)
)

a more discrete dislocation analysis for the interfaclal stresses.

diameter are usually highly organized prismatic loops requiring
Below we will discues both approaches in order.

Considering the particle as a rigid cylinder and the surrounding
matrix as an elastic, plastic strain h;rdening continuum, the development
of interfacial stresses is desired for pure shear deformation. The
solution for any other state of deformation having a negative pressure
component can then be obtained by supgrimposing this negative preesure
.on the interfacial stresses of the pure shear solution. Some solutions
of this type alreadyyexist. Huang(za) has presented a deformation theory
solution for a rigid cylindrical inclusion embedded into an incompressible
Ramberg-Osgood (power—la;) waterial with a stress exponent of 7. He
finds that a strain independent constant interfacial tensile stress
concentration develops which is maximized at an angle of about 12°
toward either side of the principal temsion &xds, and has a magnitudé of
1.3% timeg the distant boundary shear traction. Huang also showed
that:: decrease in the stress exponent corresponding to increasing
strain hardening behavior the stress concentration incrgases steadily
(and presumably approaches asymptotically the solution for an incompres~
sible linear material). Orr and Brown(za) have considered the same
problem in which the matrix was wodelled as an incompressible elastic-

plastic material with either no hardening or a iiuear hardening rate

equal to 1/40 of the Young's wodulus. Orr and Brown too f£ind that

the interfacial tensile stress reaches a maximum value away from the




principal tensile direction but at an angle of about 17° tuward
either side of this direction. Unlike Huang, Orr and Brown find,
however, that the magnitude. of the interfaéial tensile stress concentra- | B ;‘
tion increases steadily as the distant plastic strain increases both
for the non-hardening as well as the hardening material, and shows
1itrle change in this behavior leven at distact plastic strain levels
15 times the yleld strain. At that time the wmaxinum interfacial
strese 18 3.03. und 2.52 times the boundary shear traction for tha non-
hardening an! linearly strain hardening material respectively.
Because of this diff:l.t:ulty of a lack of steady state for the non-
hardening material even at large plastic strains we find the solution _ _ 7
of Orr and Brown not very useful. ' ' . '
_ Rhee and HcClintock(zs,), have demonstrated by means of a number of
specific examples that the strain concentrations in inhomogeneous
deformation fields in strain hardening materials can be bounded 'by
two limiting idealizations of the plastic behavior of the material:
a non-hardening rigid plastic behavinr and a lineav behavi.or wvith
zero yleld stress as shown in Fig. 1. Assuming -tbat: th(; same idea
may also extend to stress concentrations we have obtained a finite
elzment sclution for the#mre shear deformation of an elastic-ideally
plastic, non-hardening continuum around a rigid cylindrical inclusion
and compared this with the available linear solution as the other form
of extreme i1dealizatiom.
The chosen net configuration for the finite element solution
corresponding to 0.01 volume fraction of second phase is shown in

(26)

Fig.2. The elastic-plastic program of Marcal and King was used

for six increments of constant tensile and compressive boundary displacements




uivalent to pure shesr, starting from the poiant_whezre some elements
in the chosen network just become plastic. The solution was obtalned
for conditions encountered in copper, i.e. for a Young's modulus of

4

10" ksi, a Poisson's ratio of 1/3, and a yield stress in tension of

15.9 ksi, giving € = 1.59 - 1073, The spreading of the plastic zones
with these incre;;;ts i3 shown in Figs. 3a-e as the shaded regions.

The computed interfacial tensile stresses and tangential shear strains
around the inclusion as a function of an angle.g_ueasured from the
direction of principal tension are given in Tables la -~ c. Unlike

the two solutions discussed sbove our solution shows a flat maxfmum

for the interfacial stress in the principal tensile direction without
a significant drop before an angle of about 15°.  Since the finite
element net is quite coarse and other unevennesses of stress are
apparent from Table I, we attribute this to defects in the program .
.and accept the maximum interfacial stress at_g_- 0°® ag an eppropriate
measure of the concentrated interfacial tensile stress. The change '
of this maximum stress in units of the yielé streagth 1ﬁ shear k of the
matrix is given as é function of the increasing distant shear ;::;in

in Fig. 4, and indicates that a fairly stable solution was reached.

The maximum interfacial temsile stress is found to be 1.5 k. which is
somewhat higher than the stress obtained by Huang. The dizz;ib;tion of
equivalent shear strain which is mapped out by the spreading plastic
zones shown in Fig. 3a - e resemble closely that obtained by Orr and
Brown. We note further fiom Table 1lc that there is only a very woderate
interfacial shear strain concentration of about 1.10 on the interface
parallel to the planes of ‘maximum shear strain in the distant field
(l.e. at & = 45%).

The second bounding solution for the interfacial stresses around a




rigld inclusion in an incompressible (i.e. Y = 0.5) linear material
can be obtained directly from the theory of .elasticity (see Hﬁnkhelishv1111(27)
ox Ssvin(zs)) and are

e [4(E5 - 3(8) ¢ (] emzo o1
Go = r[3@§)4 - ] nag [2]
o;,_-.fz(é)zmze (3]
Y PTA RTC0 BT X

-
r

vhere p is the boundary shear tractioyrand p the radius of the cylinder.

The interfacial tensile stresses and shear strains around the inclusion
are plotted in Fig; 5 as a function of the angle 0. We see that the
tensile stress is maximiéed at_g_- OIand is equal to 2 times the
boundary shear traction. Similarly the interfacial shear strain is
waxiuized at 6 = 45° and 1s also equal to twice the distant boundary
shear strain.

Figure 6 shows the distribution of the total priancipal strain €x
outside the inclusion for the two bounding solutions, in units of t;;-
total distant strain. The solid curve represents the distribution
obtained from the fiﬁal increment in the finite eleument analysis,.while !
the broken curve is computed from Eqns. [1] and [2] by means of the
elastic stress strain relations.

If the distant deformation field were not pure shear but had a

negative precsure component OT’ this negative pressure would have to

i




UB @UUEU LU LNE PLASLLIC Ulal 1OUuCed 1nrerracial sctresses couputed
by the two limiting solutions discussed above. Thus, based on Rhee
and McClintock's hypothesis the actual interfacial stresses could

now be bounded as
/
—%k $O;r—6‘.réZk [5]

vhere the left hand bound is for the non-hardening idealization while

the right hanﬁ bourid 18 for the linear idealization where k is considered
ae the flow stress in shear. If Huang's solutions for the Ramberg-Osgood
material with power-law hardening were to be extrapolated to uon-
hardening behavior and were taken for the lower limit it may be as low
as_E: Since for most of the strain hardening behavior of intere;t, i.e.
for the exponents_g{bethen 2 and 8, Huang's solutions either fall
glightly below the lower limit or betwegn the limits, we will take

the above linits as bouﬁds for the plagtic drag induced interfacial
teusile stress. Since these limits are rather close together and

since their mean value of 1.75_5_13 very nearly the flow.ssress in

tension, Y, we take for the total interfacial tensile stress

G = Y(E') + oF [e]

wvhere Y(EP) ig the flow stress in the region of the inclusion for the

average local plastic strain of the region, had the inclusion not been
present.

Equation [6] shows that the interfaclal stress will irncrease with
strain hardening and with triaxiality. Both of these effects are known

to promote cavity formation. The above continuum analysis for an

isolated inclusion predicts an interfacial stress dependent only om




the surrounding strain state and nogative pressure but not on the size 7
of the particle. We will gee helow that the particle size effects
are a result of particle iateractions which occur ac large local

second phase concentrations and at large plastic straine.

C. Critical Stress Criteria Based on Dislocation Models

In a study of enhanced work hardening due to non-deformable

inclusions Ashby<u)

proposed a plastic accommodation model of
displacement incompatibilities which develop between a homogeneously
shearing continuum and a rig;ld inclusion. The model which is based on

Eshelby's (29)

approach of considering transformation problems is
illustrated in Fig. 7. In a thought experiment tke non~deformable spherical
inclusion of rad_iusP shown in Fig. 7a is removed and replacegl by a |
sphere of pareat ,in_t:ria_l. The comtinuum is plastically sheared by . .

an amount ¥ which distorts the sphere. of parent material into an

ellipsoid as shown in Fig., 7b. The distorted ellipsoid is now removed

and the non-deformable sphere is to be re-inserted. This requires the
elin:!.natioﬁ of the displacement incompatibilities of a maximum amount
oE_rL/z.. For small shear strains such incompatibilities could be
accomnodated in the matrix by loca. elastic deformation. If ﬁhe inclusion
1s very small and if the surrounding material lacks opérablc dislocatioﬂ
sources the elastic stresses could rise until the ideal'sheat strength-

is reached at the interface and dislocation loops are pumched out to

form a plastic accommodation zone shown in Fig. 7c. This plastic
accommodation zcne reduces the shear stresses around the inclusion.

The interfacial normal stresses, however, continue to vise to form a

cavity across the principal tensile direction when the interfacial

stress reaches the interfacial strength. Although this model is not

a fully acceptable upper bound flow field for the reasons already




given above, it is simple and lends itself to the incorporation of many
important details. Therefore, we will devélop it further.

We assume, cogether with Ashby,that the ideal shear strength isg
teached at the interface before the ideal cohesive strength (Kelly,
Tyson, and Cottrell(ao) have discussed the atomic bonding requireuwents in
different materials for this céndition to be satisfied) and that circular
loops avre punched out and moved away from the spherxical inclusion against
an effective shear drag ks' We simplify the problem by considering
the dislocation loops as‘;.continuously distributed dislocation density and
idealize the modei as a cylindrical punch indenting an elagtic-plastic
cylinder either into or out of a cylindrical hole in a rigid semi-
infinite medium against a wall frictional drag of amount ks which can
be taken as the critical resolved shear stress of yieldigz-of a
single crystal, as shown in Fig. 8a . We find it necessary to distinguish

a number of important altermatives.

a) Very small spherical inclusious (p £100R): The idealized model

is ag shown in Fig., 8a. The cylinder of radiusli{ff 18 extracted

outward (punched outward) by interfacial normal surface tractions

6.1:17
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hence is incapable of undergoing internal plastic relaxation. The

against only a wall friction, it contains nc dislocations inside,

normal stresses become dissipated by the wall friction ks over a

lengthAXIZ which we term the secondary plastic zone. Choosing coordinates

% as shown in Fig. 8a the differential equation for the change of the

norwal stress along the cylinder is

do _ 202 &S < O - 7.]

ax P

{

¢=E%X‘-‘- - [¢&]

where




The boundary conditions are u = du/dx = 0 at x =0 (i.e. 0"=0,

at x = 0). which gives immediately

The extent of the secondary plastic zone is obtained from the displacement

mcoéaatibility at the i'nterface, i.e. u -KBIZ at x -,\/2, and ig
e

%—= Pl [1e]

This gives finally the interfacial tensile stress at x -A/Z as

k(l+(°‘r \) L]

vhere the first term represents the contribution of the distant fleld
and the second term the interfacial stress due to the secondary plastic
zone. In Equ. [11] ko is the yield stress in shear of the polycrystal

and m the well known Taylor factor, i.e. k o/ks = m/|3, where m' is generally

taken as 3.1. This stress is again independent of size of the inclusion
but increases reatively rapidly with increasing plastic strain as showm
in Fig . 9. A cavity would form after a critical plastic strain Z

when the interfacial stress equals the interfacial strength G'; 1.e. when

fcu%ﬁ(io—:). | [12]

As discussed in Sect. 2.1 reaching the interfacial strength is
necessary but not sufficient for cavity formation. The latter requires

also that there be enough elastic energy stored in the region to

provide for the energy of the free surfaces i.e. the ratio




(“;al)wsé < | | - (3]
Plze) (%)

vhere the numerator is the surface energy of the cavity and the

denominator the elastic energy that can be released by a cavity. In
Eqn [13]) g(_. ia_ the surface free energy of the csnrity.i(.l the interfacial
energy, and the factor _@_ of order 0.5 is to account for the sharply
decreasing tensile stress away from-:t-;e interface. Considering that

(R - o(l) ® 0,b/4 (where b is a lattice dimension), and that 0;/1?. & 0.02
one finds that savities:an only open up when

]£_>1_E..:75- | ]
b 7z

For smaller inclusions no stable cavities can form. The inclusion will
separate from the matrix a certain distance of atomic dimensionsto
relieve part of the elastic enmergy, but long raange forces wili stili
act across the interface. In some cases the inclusions wmay only be
very poorly adhered to the watrix, and it can be assumed that d‘i % 0.
Then the tensile incompatibility can be accommodated at the interface
from the beginning by the formation of a cavity without punching out
any secondary plastic zone. |

To meet the condition given in Eqn.[{4] the inclusion must have a
diameter of 4008 or over. For such relatively large inclusioms it
becomes more and more likely that some retalned primary dislocations
tangled around the inclusion act as sources and that the punched cylinder

can undergo internal plastic relaxation as well.,

b) Large spherical inclusions (f’) 2508) :

With internal plastic relaxation inside the punched cylinder the




idealized wodel is still as shoun in Fig. 8a, giving rise to tne samec
differential equation for the change in the normal stress J" by
Equ. [7]. The stress~strain lsw now 1s non-linear and may be taken as

%7 i ‘ = - (Y) Lrel.
vhere £y and Yo are the yield strain and yleld stress in tension
respe;;;;ely:‘;hd where the exponent_g_can be anywhere from 2 to 8
representing decreasing capacities for strain hardening.

The solution of Eqn [7] together with the new non-linear constitutive
law, and the same boundary conditions as before can b= obtained readily
snalytically for any exponent n and leads to_(see Appendix)

L 1 |
G = Ky {(i)m+ ﬁ(fﬁ%“_‘) .%) "L L]

Y

vhere again the first term represents the contributiom of the distant

field. The secondary plastic zone now becomes

(azz( (':.‘.,., -!Y‘;)T'ﬁ '[‘7]‘

The increase of stress with plastic strain due to punching of the
secondary plastic zone is now considerably slower than in the previous -
cage vhere plﬁstic zelaxation 1nside the punched out cylinder was not
possible. Figure 9 shows the rise of the portion of the interfacial
stress resulting from the punching of the secordary plastic zome for
the case without relaxation and one where the hardening expoment

n = 2,5 corresponding to copper. As the strain hardening rate tecomes

less with increasing expoments n, the rate of rise due to this
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" 1t is of interest to compare the above solution for the dislocation
loop punching model with the continuum solution. When the hardening

rate decreases as n > o® the interfacial stress concentration goes

asymptotically to

" bim (52) = 1403 (8]

n-y ¢ 0%

This value is 89% higher than the lower limit given ia kEqn [6] to which

it should correspond. Although this solution is not to be preferred

to the continuum solution discussed in the preceding section,it gives
& result well within s factor of 2 of the latter;_and will be useful

to investigate specific effects.

c) Interacting Inclusions:

Many investigators have reported that in a given sample large
inclusions appear to produce cavities sooner than swall ones—a
particlularly well reported case being that of falmer and.Smith(al).
Some of the previous explanations of this effect appear.to be erroneous
auch as for instance the energy explanation of Gurland and Plateau<11)
which was discussed above to be only a necessary condition for cavitation.
The explanation advanced by Palmer and Smith that large inclusions may
act as a wore efficient sink for embrittling fmpurities ;ould certainly
be valid but cannot likely be responsible for this phenomenon in all
cases. It is reasonable to expect that the effect may have its origin
in interaction between inclusions. TFrow dimensional analysis it is

clear that the stress concentration can not be dependent on inclusion

size for the case of an icolated large inclusion (surface energy



a

restrictions being unimportant) in an infinite medium where there is
only one length dingn:ion. When inclusions are in very finite wmedia
or when many inclusions are present in a body so that their spacing .
becomes of the orﬁer of their dismeter a new length parameter appears in the
cnalysis. It can be readily seen, however; that even in this case the
stress concentration will be dependent only on the ratio of inclusion

size to spacing. If all inclusions are of che same size this would make

the stress concentration dependent only ou the volume concentration of
‘second phagse but not directly on the inclusion size, It 1s clear, .-
therefore, that an inclusion size deﬁqndence of the stress concentration ;
can occur, at a givenryoluqerconcentration of second phase, only 1if

local variations of couéantration exist, making it possible for some
laxger than average iﬁclusions to be near neighbors at a spacing equal

to or smaller than the averaﬁe spacing. The situation is sketched out

in Fig 8b where the ratio of ‘the net parz}cle distance to the particie
size is given by the local copcentration of second phase, Assuming that
the interior of the punched cylinder of she secondary piastic zone can
undergo plastic relaxation as in the previous case so that a constitutive
equation of the type given in Fqn [15] is validr the interfacial temnsile

stress can be calculated analytically for a fixed P/ )\ by the previously

outlined appraoch only for an exponent of fole (see Appendix); A

much simpler approximate method can be used, however, to ooiain the
interfacial stress for any,exponenttﬂ.by breaking down the contributions
to the interfacial stress into three sources: a) tﬁe gtrain hardening

contribution resulting from the extension of the éylindrical zone as

if it were an isoldated tenzion specimen, b) the plastic drag contribution
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tisiﬁg linearly from the ceuter.of the cylinder to the interface, and
¢) the contribution of the distant flow stress. This gives for the
interfaclial stress

e ko B %) § + (= g) .%[ (9]
4

zn _[&
3c 3
(see Appendix), where the well knoun expression for the ratio of the

net particle spacing to particle radius in a plane

3E T .

wvas used for a local concentration ¢ of second phase. The éhange of
the interfacial stress with increasing plastic strain is plotted
in Figs. 10a, and 10b for two values of n representing those for copﬁér :

(a = 2.5) and steel, \n = 4) and for a variety of values of the conceutration

e As can‘be seen from the figure for small concentrations there 1is
no interaction between inclusions.

We now consider first that all particles are of constant size but
are distributed randomly in space or on ahy planar section. If the
area allocated per particle is~i, then the probability. of finding n

particles in an area of size A is given by a Polsson distribution as
] Ah
Pln, « ._..(.....) ._.A. ' 21
(‘)= niva WP( A.)‘ []

Considering that the chosen area A together with n corresponds to a new

concentration

C = jﬁlzzl | : [22]




for a particie radius of p» ve can obtain readily the probability
- for finding a local conc:;tution ¢ in integer multiples of the average

concentration ¢ by letting the area A go to a, i.e.

. P(A) = T'»,(EE')‘ ,(Eﬁ.=o,:,z,3--) (23]

To obtain the probability for finding any arbitrary non-integer o

local concentration between c and ¢ 4 dc we merely let n = c/c become

& continuous variable by introducing the gamma function to obtain f

ap (/) w L) (b ne &Y 28] |
f,dn/{"(nﬂ) . g
() L

 Thig leads finally to the probability of having a local concentration

wvariation equel to or greater than c as,

/ in./r‘(h-fl) o oodk ¥

[ - P(c/z) = C/E = 0.43 e ) [23-] (
[ dn /ey 2 e BN
o

where the integrals in the numerator and denominator are. the incomplete and O

complete Neumann functions which can be readily evaluated (see E.H.

Erdelyi, et al.(3?)) | | ¥
This probability 1s plotted in Fig. 11 as a function of the concentration ‘

ratio ¢/c. To find the dependence of the plastic strain on the local

concentration of serond phase we equate the interfacial stress in Eqn [19] ; ‘

to the interfacial strength 0"1. With increasing plastic-strain Y. the




separation condition is reached rirst for closely spaced large inclusions
(large local concentration of second phase) followed by inclusions with
decreaging size and increasing spacing. The fraction _f_ of the separated
inclusions of the total population 1s then given directly by the cumulative
probability of finding regions of local concentration having a concentra-
tion in excess of that for which the curremt plastic strain is sufficient

for cavity formation, i.e.-

f(x) = l—-f’(f-/a-)

[ — Pe®)/E) . [2¢]

The upplication of this approach to inclusions iu steel and copper is
discussed in the accompanying paper by Argon and iu(“).

Finally, it 1is of interest to prescribe when inclusions cen be .
cqnsidetedingn-interactmg,and when their intersaction must be taken
into account. Interaction between particles occur whem the secondary
plas!:ic zones of neighbo;'ing particles in the plane of punching t:ouéh.

i.e. when )‘/‘0 of Eqn {17] equals that of Eqn [20]. This gives a

above which interactions muet be

critical strain ratio (V/ x;) crit.

cousidered.
| | n+i
(%)crit i EZ:H)[ f(@ _@) ‘ .[271_'

The dependence of this critical strain on the concentration of second

phase is gshown in Fig. 12 for two strain herdening exponents.




111,  Experiments

A direct experimental verification of the approximate analyses
presented above was found desirable. Since no meaningful and reliable
method of direct interfacial stress measurement could be conceived, it
wvags considered useful to measure the plastiq strain distribution around |
non-deforming inclﬁuionn to compare tliem with the strain distributions
obtained for the limiting non-hardening and linear behaviors plotted
in Fig. 6. To do this, a model experiment was designed in which the
plastic strain distribution in a soft copper matrix could be measured
around a hardened cylindrical copper-beryllium inclusion which could
be heat treated to have a yleld strength about 10 times that of the
copper matrix. The model specimen was prepared by drilling a central
-0.25 inch hole almost through a 2.5 inch diaweter OFHC copper cflinder.
This pilece. togetker with a graphite fumnel containing an amount of '
castable charge of Cu-Be alloy was placed into a vacuum furnace where
the specinén and the inside of the drilled hole was evaporation-
cleaned by maintaining the assembly 100°C below the solidus point of
the alloy for 45 uinutes. Th: temperature was then raised to'abcve the
melting point to cast the charge in place. After this-the specimen
was cooled to 800°C and maintained there for two hours.to howogenize |
the alloy followed by quenching and tempering at 300°C for two hours
to obtain peak hardness, The cylindrical bar with the Cu-Be core was
then machined into two 1.75" square blocks of 1.5" thickness with the
cylindrical core ruaning along the short length and through the center

of the square faces. All faces of the tlocks were tlien polished and




rone of the square faces was provid~d with a fing. scratched square
grid of  0.017" gpacing running parallel to'tﬁe edges of the ﬁlock.
The two blocks were then put together face to face so that the grid
remained between the blocks. The pair were than compressed 102 in a
plane strain compress;on Jig as ghown in Fig. 13. The compression
face;.and the two outsi&e facee touching thé jig vere coated with a
Hosz spray to reduce £r1ction. This preseunted bareiling of the specimen.
After compression the blocks were removed from the jig, taken apart
to reveal the internmal grid, which was then measured to cowpute the
distribution of the lateral strainrpaxallel tc the principal exteasion
direction. This distribution of the measured normal strains is shown
in Fig. 6 for ébhpapison with the theoretically determined bounds for
the strain dictribution. The actual ﬁeasured sttains‘are greetez than
the plastic strains near the inclusion but beconz swmaller than the

. plastic strains at greater distances. Since the inclusion was not
rigid but actually hod a fairly high compifance and showed signs of
some plastic straining these departures from expected behavior sre
considered not surprising. In any event the experimental distribution
lies nearer to the plastic non-hardening solution than to the linear

solutior. This lends support to the bounding analysis discussed in

Section 2.2
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S IV. Discussion

- The various aéprmé:e analyses presented above show that for
very small inclusions where no local diffuse plastic relaxation 1is
possible because of the complete absence of dislocations in the surroundings,
the sheer stresses on the inclusion interface can be relieved by punching
out dislocation loops as suggested by Aahbyal’) « Thie can not relieve
the interfacial tensile stresses which may reach the interfacial strength.
When the inclusion diameter is less than about 4004 there is insufficient
elastic energy stored in the surrounaings of the inclusion and stable
cavities can not form. When the inclusion diameter exceeds this cut-off
limit, stable cavities can form. In this range of increasingly larger
inclugions, however, local plastic relaxations become more and wore
likely and a continuum analysis for the stress concentrations becomes
sppropriate. All such f.:ont:lnu}m analyses zive a rather mild stress
coneepiration factor which for a pure sﬁear mode of deformation is only
of the order of ﬁ. i.e. the interfacial stress is of the order of the
local equivalent flow stress i_n tension. When the vol@e concen_trat:lon
of second phase is .snall so that the secondary plastic zomes of particles
do not touch, then the particles act in isolation and the interfacial
stress 1s independent of the particle size but ‘depends only on.f.he local flow
stress and any local long range triaxial stress. When the volume
concentration is large or when the shear strain is large so that the
secondary plastic zones of particles touch, the particles interact.
If the particles are of uniform size and quasi-uniform spacing, the
interfacial strees becomes in addition to the plastic strain, dependent
also on the concentration of the second phase but remains still independent

of the particle size, i.e. at constant concentration any increase in



- particle size is balanced by a proportional increase in particle
spacing. The interfacial stress becomes particle size dependent only
if there are significant local variations of second ph.se concentra-—
tion from poiant to point for a given avarage second phase concentra-
tion. Such concentration veriations actually exist in many inclusion
bearing alloys and can accouunt for the often reported effects of
particle size on local strain for cavity formation. Experimental

evidence for such effects will be presented in the accompanying paper
(16)

by Argon and Im
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Appendix

A.l. 1interfacial stresses around large spherical inclusious:

The first integral of the differential equation for the normal

stress along the secondary plastic zone (Eqn [7], gives

k) = 212Ky 1 ¢ [A-1]

- where x is measured from the end of the secondary plastic zone., Veing

- the non-linear constitutive equation of Equn [15] gives

¢ /2vzkx , C o :
E‘r-( Yo; * Y.> | [’_\'?'].

which when integrated gives the displacement U, also measured from the

end of the secondary plastic zone as

E)’Y°P N —.
TR b4+ D [A-3]

where

P____ 2V'?:ks>( +

C =
== (A-a]
Yop Y S

Whea x = 0, }'—‘-%‘ and 'u.=l0. This gives | .
h+t he
we ke [(afhx )T () J (a-5].
2(5_ l(‘(h-l-'l) \{DF Yg. ° "

The other boundary condition is that W = Xﬁ/2 when x -A/Z. This

gives
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nt | n+l

‘YE' ) z?if.gm) (‘fz "Y:> - 5‘7.) [&é]

&~ from which the integration constant c could be determined as a

function of the yet unknovm extent of the secoadary plastic zone )t/ 2.
The secondary plastic zome can then be obtained by substituting

C(A/Z) into Eqn. [A-1] and setting 0> 0 a= x = 0. This, however,

telle immediately that C = 0, which can only ve satisfied i1if A ie
This gives

chosen to satisfy Equ [A-6] for the special vaiue of C = 0.

the extent of the secondary plastic zone as

AL € nt)) F A
2 'gT‘{’m( h: ’f;) [4-7]

where m-ﬁkolka and Ey = &/ﬁ was used in the evaluation.
We now obtain the interfacial stress due to the punching out of

the secondary plastic zones as .
|

oo kB(ERLENT

z’)'
The distant stress goveraning the distant plastic stfain will also

gppear acrois the boundary and must be added to the above scress-to
A

|
- n
‘ obtain the total interfacial stress. This stress is k‘,(X ) giviag
/ 5

for the total interfacial tensile stress (J}.,. finally,
| [

LT

U(Y\)" + 03 ((ﬁ(:::) ¥ "77'. | [4-9]
| Y

o[-—gl
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.
A-2 Imreracting inclusions. . I
-When the secondary plastic zomes of particles touch at large oy

concent: :ations of second phase, or at large plastic stralus, che interfacial
stress becomes dependent also on the local concentration of second

phase. For this case analytical solutions are difficult to obtain and

it 1is wore instructive to resort to approximate solutions. An approximate .
solution can be cbtained readily by dividing the interfacial stress up
into three parts. The first contribution to the interfacial stress
comes from considerxring the cylindrical intercomnecting plastic zone
between particles as shown in Fig. 8b as a round tensile bar wﬁich has
‘undergone a plastic extensional strain of T /A which results in a .

stress of i
'L N

3 " "
G e W(EY - w:«xk(A r,"") (A-1s] -

The second contribution comes from the plastic shear drag on the

extending cylinder along its walls which is . i

7, = ks ﬁ(?;) . : [A-—II_I

where the shear drag along the wall k:ﬁ kolm, can be taken as the

critical resolved shear stress for slip in a singie crystal, which is the : |

polycrystal yleld strength in shear k, divided by the Taylor factor for shear, e

wf3=3.1/13 . | ¥

The third contribution comes from the ocoundary tractions governing

the distant field. This contribution is ’ : j




LAK4

03 = ko(r/f,)n | : [A"z]

The sum  of all three contv‘butions gives the total interfacial
tensile stress and is the quantity inAEqn. [19].

An analytical solution for the dislocation loop punching comonent
of the interfacial stress, 1i.e. componeﬁts 1 and 2 above, can be

obtained again readily for n = 2 by substituting Eqn [2-6] into

1

Eqn [A-1] and letting x::)ﬂz . This would give the interfacial stress
as a function of A/’ which now, as shown in Fig. 8b is governed by
- the local concentration of second phase ¢. The end result is obtained

teadily as

O}T. = }( <:

2 : o :
Y\ & A LEmE/ ) 1 ]
)+ 1R ) ]

.2& = JEEEE? - .g. | [A"l#]
e 3¢ 3 .

is the ratio of the net distan:e in the plane of plastic punching to

where

ihe radius of the particle.
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.

Table la. Normalized Radial Stresses 0 /k around the Inclusion,
. Measured form a Point under the Tensile Direction

! (%/G)
0.770
0.848
0.925
1.000

' 1.080
1.158

4.5°

1.495
1.606
1.550
1.480
1.425

- 1.400.

13.5°

1.400
1.535
1.510

1.440

1.380

1.380

Table Ib. Normalized

v/ (k/G)
0.770
0.848
0.925
1.000
1.080

1.158

4.5°

0.745
0.800
0.780
0.740
0.710

0.700

Inclusion,
Direction.

13.5°
0.700
0.765
0.755
0.720
0.690
0.65%0

22.5°
1.025

1.125 -

1.070
1,000

0.930

0.900

3.s*
0.765
0;825
0.905
0.875
0.875

0.870

40.5°
0.160
0.175
0.180
0.150
0.140
0.100

Tangential Stresses Tgg/« around the
Measured from a Point Under the Tensile

6

22.5°
0.510
0.560
0.535
0.500
0.465
0.450

3L.5°
0.365
0.435
0.420
0.500
0.500

0.520

40.5°
0.080
0.090
0.100
0.090
0.090

0.060




Table Ic. Magnitud= of Normalized Tangential Shear Strain
Y rel (k/G) Around the Inclusion, Measured from a
Point Under the Tensile Dircction A

Y/ (k/G)  4.5° 13.5° 22.5° 31.5° 40.5°

0.770 0.026 0.570 0.615 0.956 0.970
0.848 0.032  0.622 €.675 1.060 1.080
0.925 0.032 0.610 0.660 1.225 '1.250
1.000 . 0.032 0.675 0.725 1.220 1.240
1.080 0.026 0.692 0.740 1.255 1.275

1.158 0.026 0.725 0.770 1.340 1.360
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Linearly hardening

idealization |

o Real curve ]
Non -hardening :
idealization

!

€

. ¥ig. 1. Ildealization of actual plastic behavior by two limiting forms

- of non-hardening rigid plastic, and linear behavicr.
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Fig. 3.

diaplacements for elastic, non-hardening plastic idealization: a) u; " u
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Fig; 4. Change of maximum interfacial tensile stress with increasing

bourdary strain in non-hardening material,




0 45 ~ 90°

Fig. 5. Distribution of interfacial tensile stress and shear strain

around a vigid particle in an incompressible linear matrix.
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on a model copper specimen with a hardened cylindrical Cu-Be "inclusion".




-328-

*X33388 393 wo gupuleals oauwoau uedn hu«ﬂ«pmudmaoonw 3uameOBTdS TP
{¥7o83323UT W3 wox3y SuysTiv g2859338 2BYY 2738PTP W3 23edIS8TP

o3 9uoz ofaseld L1wpuodes ¥ 30 uoj3onpoxd 343 30 1op0® 8,4qusy L 237 |
o J ; q | D
. . | ‘ .
» b P
N Y .
4 Y A
. v,y. b4 |WM.LV/
X Y A di
X A
4
¥4 A
'] A 0 o
¥’ A
Yy A
. A
y ¢ A X N




- du | '
e 0 ﬂm Particle

M Interface

. ‘ ks
2 A—-.-‘._..-._.L_ o.rr
P - Y
7z .
I A kS e l— U= =
IR/
R ) I ‘
.l /2T _/B
)\P[ 3c /; U=-¥;ﬁ
ks
, o
"
f() ‘—i:i/
-—r—--:—s—-—- /
u=0
2w
- P 3¢ >
(b)
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SEPARATION OF INCLUSIONS IN SPHEROIDIZED X
1045 STEEL, Cu-0.6% Cr ALLOY, AND MARAGING STEEL o !

4
IN PLASTIC STRAINING( )

* )
A, S, Axgons ‘gnd Js In( R -
Massachusetts Institute of Technology, Cambridge, Mass. 02139

ABSTRACY

Experiments were performed on spheroidized 1045 steel, Cu~0.6% Cr
alloy, and maraging steel containing respectively Fe,C, Cu-Cr, and TiC
inclusicns of nearly equiaxed shape. The local inteffacial stresses
for separation of these inclusions during plastic deformation were
evaluated by the methods described in the two preceding papera. The
results show that the interfacial strengths for these inclusions in
their respective matrices are 254 ksi, 144 kei, aud 264 ksi, In the
spheroidized steel the average diameter of the separated inclusions is
distinctly larger than ttle average diameter of the whole population.
This is quantitatively explained by the enlanced interfacial stresses
developed in regions of above average concentration of second phase
which frequently occur in very dense population of inclusions. No such
effect was observed in the other two systems which is consistent with
their much lower volume fraction of second phase. Some tension
experiments have also been performed with the spheroidized 1045 steel
at elevated temperature, giving results qualitatively similar to those
at room temperature,

*This work has been orally presented in part at the Third International
Conference on Fracture in Minich, Germany during April, 1973.

k% Department of Mechanical Engineering
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X. Introduction

Since the work of Puttick(l) it has been well established that
inclusions play a fundamental role in the ductile fracture of metals
as the sourcer of the holes which grow by plastic deformation an§ 1link
togéther to produce dimpled rupture. There have been a large number
of obgervations made of these phenomena which have recently been reviewed
by Rosenfield(z). Most such experimental investigations, however, have
remained either at the observational ievel or have been confined to
reporting to the concentration dependence of the'strain to fracturesaaﬁ)
Purthermore, the majority of the experimental investigations have concen-
trated on the total problem of ductile fracture which has primarily been
vieward from the point of view of plurtic hole growtﬁ making the tacit
assumption that inclusions are synonomous with holes. This is in spite
of the fact that problems such as tenéer embrittlement,whefe "debonding"” -
traceimpuritieé segregate at interfaces,can only be explained by drastic
reductions of the required strain to aucleate cavities at inclusions.
In the few experinental investigations which have addressed therselves
to the problem of cavity formation at inclusions, Falwer and Smith(7)
have found that for spherical SiO2 inclusions in c.oper, although small
inclusion# are more plentiful, the fever large inclusions form cavities
first. In a corresponding study on spheroidized carbon steel, Inoue

() have found the strain to fracture (not necessarily the

and Kinoshita
strain for cavity formution) indepundent of carbide dii seter, but the

strain for cavity foruation increasing with increasing interparticle

spacing. There has been rno investigation to our knowledge which has
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coucentrated quantitatively on the conditions for cavity formation.

This lnvestig’tion to be reported below attempts to fi11 this gap. .

13 Experimental Procedure

The goal of this investigation vas to study the behavior of
equisxed inclusions iu plastic deformation fields of kmown plastic

strain tnd.triaxial stress disttibution(g)

to determine by means of
some approximate analysis of the local interxfacial stress concentra-
tionnslo) the actual local conditions for cavity formation. To keep
the~p;§h1en telatively manageable, equiaxed inclusions were choseu
for which no shape parameter need be ccusidered. It can be expected
that plate-shaped or heedle-shaﬁed inclusions will behave differently
not ouly bgsed on their large aspect ratio but algo on the orientation
of their principal geometrical shape.axes relative to the principal
axes of the local strain field. Thig would introduce in addition to
two principal aspect ratio parameters, three angular orientation para~
weters and moke the problem lmmediately very complex. (See also Broek(ll)).
The inhomogeneous straia field vhich was chosen for studying the
cavity formation conditiors was the round tension specimen with and
without initially machined natural neck profiles. Although the tri-
axial tensile stress (negative prescure) can not bé controlled indepen-
dently from the local plastic strain, it is possible to obtain a large
range of triariality (ratic of triaxisl tensile stress to equivalent
flow stress) by previding the bar with initial neck profiles. The

distributions of local flow stress and triaxiality in a number of straia

hardening materials in round bars with & variety of initial natural neck

L 4
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profiles have been calculated by Argon, Im, and Needleman(?) for this
purpose and are reported in one of the companion papers.

The local interfacial stress for separation of inclusions from
the matrix was obtained by plotting the areal density of separated
inclusions on an axial section of a fractured bar as a function of the
distance zf avay from the fracture surface. The point along the axis
where thi;—;ensity of separated inclusions drops to zero is taken to
give the local condition for inclusion separation for which the incer—

facial stress is evaluated by means of the approximate bounding analysis

of Argon, Im, and Safoglu (10) which gives this stress as
G = 07 + Y(ET) [1]

for very dilute concentrations of seéqnd phase, where O

p———

triaxial teunsile stress and Y the plastic resistance in tension

is the local

corresponding to the local average plastic strain,haé‘the inclusion
been absent. When the second phase concentration is high and inclusions
interact, the interfacial stress increases above fle value given by
Eqn. (1) and corrections need to be made for such interaction, as
described by Argon, et 81510) |

Inclusioni in three materials vere investigated: Fe3C inclusions
in spheroidized 1045 steel, Cu-Cr iunclusions in Cu-0.6Z Cr, and TiC
inclusions in unaged mara_ging steel.

The 1045 steel was spheroidized by putting all carbon in solu-
tion at 900°C - with nearly finished specimens sealed in Vycor tubes.

The steel specimens were then quenched into ice brine immediately after
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the Vycor tubes were broken by a heavy pair of ateel tongs. This pro-
duced a very fine lamellar martensite with a hardness in excess of Rc64,
The specimens were then aged in a vacuum system at 700°C for about six
days followed by furnace cooling. This produces nearly equiaxed re3c
inclusions shown in Fig. 1 of a volume concentration of 0.229 and a
mean particle diameter of 0.44 micran. The ferrite grain size was
about 5-10 microns. The stress-strain curve of the spheroidized
material is given in Fig. 3 of Argom, Im, and Needleman. ()

The copper with 0.6X chromium was purchased in 5" loug swaged
bars of roughly 0.75" diameter from American Metal Climax, Inc.
Specimens of nearly finuzl shape were machined from these bars and aged
at 700°C for over a week to produce a volume concentratioan of C.0059
of second phase Cu~Cr inclusions of 0.89 micron average dianeter.' Aa '
Fig. 2 shows , these inclusionz were not always equiaxed. A small frac-
tion had aspect ratios greater than ome, vith the largest being about
4., The grain s;ze of the final material was in the range of 20-30.
microns. A chemical and spectrographic analysis of the final material
gave a composition of 0,005 Cr, 62 ppm C, 5 ppm Fe, less than 1 ppm Ca
and Mg. with the balance being copper. The stress strcin curve of the
fully aged material is given in Pig. 4 of Argon, Im, and Needlenan(g).

The wmaraging steel (VH—300) with a nominal composition of
0.0004 C, 0.001 Mn, 0.061 Si, 0.18 Ni, 0.09 Cr, 0.045 Mo, 0.006 T%,
0.001 AL with the remainder being iron was purchased from Teledyme
Vasco Co. in the form of 0.75" diameter rod. No heat treatment was

given to the material tested. The stress-strain curve of the material

is given in Fig. 3. In the unaged condition the material had a grain
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size of about 10-20 microns and contained two distinctly differeant typas
of inclusions: TiC inclusions of a volume concentrafion of 0.011 and

3Ho inclusions
of about 0.5 wmicron diameter or smaller, both shown in Fig., 4. 1In this

average diameter of 5.3 microns and a much snaller set of Ni

atudy we will concentrate only on the effect of the larger TiC inclusions.
The test specimens were round cylindrical bars of norwmally 0.375"
diameter at the gage section. SCome of these bars were machined further
to have natural neck profiles according to the empirical neck profile
formula given by Eqns. [8) and {9] in Argon, Im, and Needleman(g) to
reach different levels of triaxiality and plastic strain distribution
in the center portion of the bar when strained. The different initial
acuity of the machined neck is given as the neck radius to profile ‘
radius ratio ELE in the data below. All specimens were strained go.
fracture. A 0.5" gection from both sides of the fractured pieces
was removed. The fracture surface of one side was viewed with the SEM.
The other side was given an extra heavy nickel plating, mounted on. its
gide in metallographic compound, sectioned along the axis, and metal-
lographically polished down to 0.25 micron finish. Iﬁ the case of the
copper specimens’best results were obtained with a vibratory polich
(Syntron) over prolonged periods. The polished sections were then very
lightly etched to delineatg the inclusions (Nital or Pickral for 1045

steel and maraging steel, and very dilute H NO, for Cu-Cr). The

3
separated inclusions could then be easily een in the SEM, such as the
cases in Figa.2 and 5.

Some tensile fracture experiments on spheroidized 1045 steel were

algo conducted at 450°C and 630° in which the same techniques were
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followed. Since the specimens were tested in air the fracture surfaces
were alwvays oxidized to some extent, su not much meaning was attached to

Surface
thesehobsetvations.

I11. Experimental Reaults

A. Spheroidized 1045 Stael

As mentloned in Section 2 above, the Fe3C inclusions in the
spheroidized 1045 steel produce a rather concentrated second phase of
0.229 volume fx;action ofnearly equiaxed inclusions. Some important
statisticel parameters pertaining to these inclusions were measured on
planar sections in the unstrained material. Figure 5 shows the cumula-
tive density of inclusions as a function of their diameter, 32: The
nean diameter of the inclusions was found to be 0.443 micron. The
cumulative distribution of the net spacing between nearest neighbors
of inclusions 18 showm in Fig. 6. This distribuiion wvas obtained by
assigning a number to every inclusion in a nicrograph of a large &srea
coutaining a large number of ineclusions, drawing inclﬁsion numbers at
random, and measuring the distance from the picked inclusions to their
nearest neighbor. The figure shows that the wmean net distance to the
nearest neighbor is nearly equal to the mean diameter of the iunclusions.
In the separation of the inclueions interaction becwe;n nearest ueigﬁ-

bors is important and is accentuated by a large ratio p/lc of inclu-

P

sion radius to spacing between centers. Figure 7 gives the measured

frequency distribution of the p/Ac ratio.

s+

Six tension experiments were performed with three diffexent

initial specimen profiles, given by a/R ratios of 0, 0.5 and 1.0, The
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specimens were.pulled to fracture at a standard extension rate of

1074 tn-secl. The initial and final dimensions of the specimens are
given in Table I. One plece of all fractured specimens was sectioned
along the axis, metallographically polished, and etched to reveal the
distribution of the density of separated inclusions along the axis.
Figure 8a and 8b show the fracture surface diwples and a region near
the fracture surface on an axial section where many separated inclusions
can be seen. It is readily observable from ¥igs. 8a and 8b that the
spacing of the fracture surface dimples correspoﬁds closely with the
spacing of inclusions'demonscrating that the re3c inclusions are the
sole source of the ductile fracture proceés. The density distributioms
of separated inclusions along the specimen axis measured by means of
detailed SEM traverses along the axial cross sections of the broken
specimens are given in Figs. 9a, 9b, And 9¢ for the three different
initial specimen profiles. The position Z, along the specimen axis
where the measured deqsity of separated 1;:Iusions goes to zero is
given in Table I. The local equivalent plastic strain and triaxiality
corresponding to thege points were determined from the distributions
of plastic strain and triaxiality for the required specimen profiles
obtained by Argon, Lu, and Needleman(g) (their Figs. 6, 7, and 8).
These values are also given in Table I. Finally the last column in
Table I gives the computed total interfacial stress at inclusion
separation obtained according to Eqn. [l1]. The average equivalent

strain to fracture obtained from the final and initial radii of the

neck which is also given in Teble I shows that in each case a very

substantial portion of the total strain has gone toward genmerating
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the holes. Inspection of the computed interfacial strengths shows some

scatter but no orderly trend with any other parameter., Considering
that there is some scatter appsrent in the distribution of the density
of geparated inclusions and that the identification cf the position of )

thé last separated inclusion along the axis requires ext?apolacion,-ve

—~——

congsiver the vesults satisfactory and compute an average interfacial

strength of 203 ksi for Fe.C in ferrite. This computed strength is an :

3 |
underestimate 28 Eqn {1) with which it is obtained is valid for non- ’ N
interacting inclusions. As we will consider further below, the inclu~

sions in 1045 steel are strongly interacting. This could make the actual

interfacial strength about 252 higher, i.e. 254 ksi (See Fig. 10b in

Argon, et al.(lo)).

The dependence of the density of sgeparated inclusions on the

inclusion diameter was determined both immediately underneath the frac- ' i

ture surface and a distance Z = 0.3265 away f{rom the fracture surface.

—
—— 1

These distributions are also shown in Fig. 5 as the two lower curves.
The mean dlameter, 0.65 micron, of the smeparated inclusions immediately
underneath the fracture surface is 46% larger than the mean diameter

of the total population of inclur?.uns. The mean diameter, of 0,732
microns, of the sepavated inclusions a distance 0.32a away from the

fracture surface is fully 65X larger than the average of the total

population, This demonstrates that lavger than average size inclusions I
separate first and that other inclusions of sma’ler diamcter separate
1

at progressively larger plastic strains in a certain inverse relation

to thelr stze. Thus the region away from the fra:zture surface, repre- ‘e

senting an earlier state of develepment has a larger fraction of the
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large inclusious separated than the region nearer to the fracture
surface.

B. Copper with Cu-Cr Inclusions

The Cu-Cr inclusions in copper prepared by the aging treatment
discussed in Section 2 ahbove formed a very dilute volume concentration
of second phase particles in comparison with the Fe3c particles in
spheroidized steel. Nine specimens were tested having the same three
initial profiles as those of the steel specimens, i.e. a/R = 0, 0.5,

]

and 1.0, B

The dependence of the cumulative density of the Cu-Cr inclusions
on their diameters is shown in Fig. 10. As c&n be seen these inclu-

siors were on the average larger than the Fe,C inclusions, but their

3
size distribution looks rather similar to the distribution of the
latter inclusions.

The results of the tension tests together with.pertinent dimen-
sions of the specimens are given in Table II. The appearance of the
fracture surface Jdimples is shown in Fig. 11 where it can be seen
clearly by comparing the size of the central holes of the inclusions
to the size of the dimples that the inclusioﬁ population was quite
sparse consistent with the micrograph of Fig. 2. The density distri-~
butions of separated inclusions measured on an axial section on the
central median plane are given in Figs. 12a, 12b, and l2c. Because of
the much sparser overall density of inclusions the distribution along
the ax{s of the separated inclusions showa considerable scatter. The
extrapolated values for the position of the last separated inclusion

along the axin are glven in Table IT together with the local plastic
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strains, local flovw stresses, triaxiality of stress, and finally the

computed interfacial strength, all obtained from the analysis of Argon, )

Im, and Needleman(g) for necked copper barv (their Figs. 9, 10, 11).

The average interfacial strength obtained from the last coluwn in .

Table II is 144 kci.. Once again cuwparison of the plastic strain for

hole nucleation with the overall plastic strain to fracture shows that

the nucleation strain is a substantial fraction of the total. “
As in spheroidized steel the dependence of the cumuiative den~

sity of separated inclusions on their size was determined immediately

underneath the fracture surface and is shown plotted im Fig. 10. The

wean diameter of the separated inclusions is 0.76 micron which is

14,6% less than the mean diameter of the total population. Consider-

ing that the total inclusion population 18 sparse, that the separated

inclusions are only about a third of the total, pakeg this measurement

subject to considerable error. We consider this difference not sig-

nificant and conclude that in this case there is no p;eference for

selecting large inclusions for earlier separation. This as we will

discuss below is quite consistent with the sparsity of the second

phase concentration, making the inclusions essentially noninteracting.

C. Unaged Maraging Steel

There were two types of inclusions in the maraging steel in the
as-received condition on which the tests were performed. Of interest
here is only the population of large TiC inclusions forming a volume

fraction of 0.011 with an average diameter of 5.3 microns and an

average spacing of 45 microns. No statistical measurements
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were performed on the size distribution of these inclusions beyond obtain-
ing these average values, Inspection of planar sections of the as~
recelved material showed no separated or cracked inclusions in the as-
received material.

Four tensile tests were performed on specimoins with four different
profile geometries given in Table IXXI, where other dimensions of the
specimen Lefore and after the test are recorded. As before the density i
distribution of separated inclusions was measured on the axial section
of the fractured specimens and is given in Figs. 13a and 13b. The loca-
tion of the last separated inclusion along the axis is alss given in
Table III. Since the inclusionm spacing w;s qﬁite large and the density
sparse, the digtribution shows considerable scatter and the position of
the last separated inclusion detetmiﬂgd by extrapolation is again subject
to some scatter, Since no special computation was made for the distribu-
tion of plastic strain and triaxiality for this material according to
Needleman's method, and since the strain hardening rate was extremely low,
the extension of the Bridéjman analysis discussed ‘by Argon, Im, and

(9)

Needleman was used to compute the interfacial strength of the inclu-
sions. In view of the approximations made tﬁe results are not con-
gidered to be as reliable as those for the 1045 steel and the Cu-0.6% Cr
discussed above. 1In any event the end result shows very little scatter
and gives an average interfacial strength of 264 ksi. Since the

density of TiC inclusions was quite low they were not interacting

(see Fig. 12 in Argon et al(lo)) and no correction is necessary on

thic value. Finally Fig. 14 ghows the appearance of the fracture surface

dimples. The large dimples of the TiC inclusions stand out clearly from
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NiBHo inclusions which produce dimples of a diameter an order of magni-

tude smaller than the TiC inclusions. N

D. Spheroidized 1045 Steel at Flevated Temperature )

- To compare the.behavior of inclusion bearing structural material
at elevated temperature with that at room temperature it was considered
advisable to perform a number of tests at elevated temperatures on the %
spheroidized 1045 steel.

Specineﬁu vere prepared for elevated temperature deformation in
the sawme manner as foxr room temperature. No gpecial profiles were
machined into the bars since no reliable method of evaluation of local
stress existed for the highly rate dependent deformation to which the
specimens were subjected. Tests were perforwed at 450°C and 630°C in
air in a resistance heated furnace, at a conventional extension rate
of 107 in sect,

Statistical measurements were made on the inclnsions oﬁ planar
sections before and after the experiments. Because of a somewhat less
successful spheroidization the Fe3C inclusions were not fully equiaxed
and even had a characteristic pearlite type structure. This was
particuiarly so in the material used for the 450°C tests, as can be
seen from Fig. 15 showing the microstructure after thé test along an
axial section. The microstructure of the co.respounding specimen used
ia the 630°C test is shown in Fig. 16. As a result of this difference
the mean nearest neighbor distance of the 450°C material was only
A = 0.1346 micron while that of the 630°C material was XT- 0.182 —

both being considerably less than that in the material used for the

room temperature tests. Figures 17 and 18 give the depexdence of the
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inclusion density or average inclusion dimmeter (average diameter being
defined as the geometric mean value of the two extreme dimensions of
the inclusions).

The speciwmens wers sectioned along the axial median plane as
beforé to determine the density distribution of separated inclusiomns
along the axis. These distributions are shown in Fig. 19. The dif-
ference in the spatial demnsities of separated inclusions for the 450°C
and 630°C experiments shown in Fig. 19 is entirely a result of the
larger size inclusions existing in the material used for the 630°C
experiments. The size distributions of the separated inclusions was

also measured immediately underneath the fracture surface as before

- and are plotted in Figs. 17 and 18 for the respective cases. In both

cases the wean diameter of the separated inclusions is larger than the
mwean diasmeter of the total population — being a result of interaction
between inclusions. The difference between the two mean diameters is
larger for the 630°C experiment which is nearly of the same ratio as
that in the room temperature experiments. The smaller difference
between the mean diameters of rhe separated inclusions and that of the
total population in the 450°C is most likely a result of the extremely
elongated nature of the inclusions in this waterial. Apart from these
minor differences the results st these two temperatures are rather
similar ard quaiitativeiy the same as the room temperaturc experiments.
Because of the strongly rate dependent nature of the deforma-
tion the necks formed on the specimerswere rather drawn out. This and

the formation of a heavy oxide layer made it not very meaningful to
(13)

try to compute interfacial stresses by invoK lng Hoff's

analogy
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for r=te dependent materisls oteying a power law creep. Finally the
appearance of the fracture surfaces for the 450°C and the 630°C experi-~
ments are shown in Figs. 290 and 21 where it i8 clear that the suxface
features have been markedly affected by both oxidation and diffusional

smoothing.

IV. Discussion

Inspaction of the results in Tables I -~ III for the three materi-
als tested indicates that, as suspected, caviiy formation oczurs at
inclusions when the interfacial stress produced by the combine§ effect
¢ both the drag of ghe plastically flowihg:surrounding matrix, and the
lozal triaxial tensile stress reaches the interfacial strength. The
computed interfacial stremngths of 254 ksi (with a correction for inclu-
siop interactions) 144 ksi, and 264 ksi for the Feac, Cu~Cr, and TiC
inclusions in their respective matrices must be compared first with
the ideal cohesive strengths of the matrices. Taking the respective
Young's wmoduli as a scale parameter of the ideal cohesive strengths one

obtains ratios of Orr/E for the three cases of 0.0088, 0.008, and 0.009

respectively. The ideal cohesive strength of a perfect close packed

metal is likely to be no less than 0.053512)

a3

It is known from.the
experiments of McClintock and O'Day on the strengths of goap bubble
rafts which can be made to simulate the interatomic forces between metal
atoms, that high angle grain boundaries have a cohegive strenmgth of
about half the value of the perfect lattice. Such experiviants have

) r .
demonstrated visually possible ﬁsin boundary phase ttausformationskccur-

ring prior to cavity formation which have also been discussed




-351-

theoretically by Hartsla) It 1s not unlikely that the strength of

interfaces are less than the strength of high angle boundaries of the
parent material as there are no observations of separation of grain
boundaries accompanying separation of inclusions in ductile fracture.
Based on this it can be expected that the cohesive strength of inter-
faces be somewhat lower than 0.02%2;1n the materials which we have
considered. This 1is within a factor of 3 of the actual interfacial
strengths reported above. Considering that the analysis employed in
arriving at the reported values of 1nterfacia1 strengths is relatively
crude, that there are additional stress amplification effects that
result from departures from spherical shape in the actua} inclusions,
and considering that the presence of embrittling trace impurities can.

reduce the interfacial. strength markedly(ls)

» the computed results are
taken to be the actual interfacial strengths between the inclusions

and the respective matrices. As mentioned in the introduction any
reduction of interfacial strength by undesirable impuritics would reduce
the strain for inclusion separation and thereby the tensiie fracture
toughness. Any other effect which accentuates the development of intexr-
faclal stress such as large aspect ratios of inclusions, interaction
between inclusions arising from a high concentration of inclusions, or
an increase of the flcw stress by variocus diffuse hardening mechanisms
will all hasten the sepération of inclusions to decrease the fracture
toughness. The widely known empirical correlation betueen}ardening

and decreased ductility is at least in part a result of a reduction of

the strain for inclusion separation. The well known reduction in

ductility to fracture with increasing second phase’ particle concentration
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reported firat by Edelgson and Baldwin(”

'1§ of course not directly

related to the effect we have been discussing; it is primarily a result

of the reduction of the strain for plastic growth and linkfng of the

holes afterrtheir formation. | !
. In his review Boseafield‘?) concluded that the available evidence

was not consistently demonstvating that large inclusions separate before -

small ones do for a given second phase concentration ={ particles. The )

(10 on inclusion interaction » o

considerations of Argon, Im, and Safoglu
furnish a ready explanation, As Fig. 12 in the paper of the above
authors shows, whea the second phase has a voiume fraction of around
0.01 the inclqsions will on the average not interact 2nd behave as if
they were isolated to very large plastic strains, of the order of 103
times the yield strain. For such cases all inclusions of a diameter
in excess of about 200 R (for which the necessary energy coaditions fc:
free surface production are satisfied(lo)) will éeparate at approximately
the same pre-gtrain. When the volume concentration of inclusions becomes
of the order of 0.1 or larger, as in the case of the spheroidized 1045
steel, the inclusions interact almnost from the very beginning of plastic
strairing. Such interactions produce accentuated interfacial stresses

on larger than average Inclusions situated at spacings less than average,
i.e. regions in which the local concentration of secona phase exceeds

that of the average will be preferencially cavitated first. This will

be followed by regions in which the second phase concentration 1is progres-

sively lewer. It is possible to account for the distribution of the

observed density of separated inclusiouns zlong the axes of the fractured

gpecimens, as well as the increase of the average diameter of separated
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inclusions with increasing distance from the fracture surface by the

interactions of inclusions as discussed by Argon, Jm, and Safogluglo) :

The distribution of the ratio of inclusion radii to spacing given in

Fig. 7 can be showm more instructively as a distribution of local

tecond phase concentration by plotting it as a fun;tion of the square
of the abscisgsa. If this distribution is normalized with i:s mean

value it gives directly the cumulative probability (1 - P(c/¢) for find-

ing a local concentration ratlio in excess of_g[é which as discussed by
Qa9

Argon, 1lm and Safoglu obeys a distribution given by a ratio of incom-

plete and complete Neumann functions (see their Fig. 11). The experi-

wental distribution for Feac particles 1s plotted in Fig. 22 together
with the theoretical distribution of Argon, Im, and Safoglu. The agree-

ment 1s good. Argen, et al(lo) have also shown that when the local

inclusion concentration € is high their secondary plastic zones interact
to increasc the interfacial stress for a given plastic strain zbove the
level of noninteracting inclusions. The result of théir development is
re-drawn in ¥ig. 23. If inclusions separate when the interfacial streungth
veaches a critical value this would occur first in regions of large con-~
centration, ¢ > E resulting in the separation of the fraction of inclu-
sions which forms a local concentration in excess of ¢ given By the
function shown in Fig. 22, As the material is strained further, regions
of lower inclusion concentration continue to undergo separation and the
state of the cavitation advances along the curve in Fig. 22 from the
lower right toward the upper left. In the neck region of a specimen

(such as specimen 5 or 6 of the spheroidized steel) the cavitation

history is stored advancing along the axis toward the fracture surface.
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The separated fraction of inclusions given in.Fig. 9b for specimens
5 and 6 s replotted as a function of total local equivalent strain
in Fig. 24 as the six points by using the equivalent strain distribu-
tion computed for these speciméns by Argon, et al (9)(their Fig. 7).
To determine the theoretical distribution of the separated fraction
as a function of strain, tae 1ntercgpts of the curves for interfacial
stress in Fig. 23 with the interfacial strength is necessary. Along
the axis of specimens 5 and 6, however, there is also a sizable compo-
nent of triaxial stress which can not be ignored. The local triaxial
tensile stress obtained from Fig. 7 in Argon, Im, and Needieman 1is
plotted in Fig. 23 below the abscissa axis as a function of the local
equivalent plastic strain. The total difference between the curves
above and below the ayscissa axis in Fig. 23 gives the total interfa- -
cial tensile stress., When that difference equals the interiacial
strength, inclusions separate. The computed disiribution curve for the
fraction of separated inclusions given by the solid curve in Fig. 24
is obtained by choosing g, + O = 18.5k°. Since ko = 28.9 ksi,

—— a— —

see Table II of Argon et al(9j-the required interfacial strength to
obtain the theoretical curve is fully 535 ksi - far in excess of the
value obtained by the direct evaluation discussed above. This apparent
discrepancy is partly attributable to the approximate nature of the
computation of the stresses around inclusions,resorted to analyze the
interaction between inclusions. As discussed by Argon, et al(lo) the

approximate aralysis gives values 897 higher than the more preferable

continuum analysis which, however, has not been developed for inter-

action effects. Allowing for this exress in the analysis which lead
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to the curves in Fig. 23,one requircs only an interfacilal streﬁgth of
283 kel to obtain the agreementc in Fig. 24, This is to i:c cowpared
with the stréﬁgth of 254 ksi obtained by the direct method after cor-
rection was made for inclusion interactions. The agreement be?yeen the
tvo approaches is still somewhat poor, but in view of the many approxi-
mations ma@e and possible experimental errors the model for the compu-
tation of the distribution of separated inclusions along the axis of a
specimen discussed here is considered valid.

Ve close by reaching several general couclusions:

1, The criterion for the separation of inclusions from a

deforming matrix is a critical interfacial stress criteriom.

2. When inclusion concentrations are large, they interact to

enhance the interfacial stress and hasten separation.

3. In normally annealed material without pre-processing, the
' plastie strain required to separate the inclusions often

exceeds one half the total strain to fracture.

4, 1In as-received material previously subjected to cold work-
, ing,inclusions may already be saparated if the cold working

strain exceeds a critical amount.

5. In deformation processing if no damage is to be produced
' which would reduce service ductility or toughness, the
increments of deformation between annealing operations will

) have to be governed by the critical strain for inclusion

i geparation.
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6. Further quantitative progress on this problem requires v

more accurate solutions for interacting inclusions. 1
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TABLE I Spheroidized 1045 Steel,Stress
for Separation of F!3C Inclusions

- .
Spec. No. (a/R)1 (a/R)f :g ;é af/a1 PE? r.f/a° € Y(E:) OT/Y Crr
el _ | ksi 81

0 1.00 }4.76 [.76 0.589|1.06 | 0.57510.64| 121 |0.470 178

0 0.95 14.76 .76 |0.5891.06 | 0.550]0.67) 122 ]0.580 193

0.5 1.35 16.35 p.54 [0.6800.77 | 0.400]0.40| 127 |0.740 221
9.5 1.44 *6.35 3.54 10.65010.86 | 0.430(C.40f 127 | 0.720 |219

1.0 2.13 |6.35 h.80 0.60011.02 | 0.38310.28} 117 |0.735 203

M N O N -

1.0 2,33 J6.35 2.80 |0.6320.92 | 0.367{0.27| 113 |0.780 {201

a = shoulder raaius

.:; « dtial radiue of the neck

:. = fina: . dus of the neck at fracture _
(a/R)i = initial ratio of neck radius to profile radius

et fracture

zf = pogition along the axis of the last sebarated o :
— 1aclusion } . : ’

Eg = aquivalent plastic strain at the site of the last -
—. separated inclusion

Y(Ep) = equivalent tensile flow stress at Eg

0. /Y = triaxility ratio

= interfacial stress at separation of inclusions ' !

€ equivalent plastic strain at fracture {
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Figure 1 Fe3C inclusions 4o spheroidized 1045 steel (bar is 10u).

Figure 2 Cu-Cr inclusions in a plastically strained sample of
Cu-0.6% Cr alloy (bar is 10u).
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rigure 4 Section of maraging steel showing fracture surfece outline
and large internal holes from which TiC inclusions have
been removed in the course of polishing (bar is 50u)
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FPigure 5

Separated inclusions
near fracture surfcu:e_1

l 2Pm= 0.6

l

0.5 1.0 15 x10 ¢
2p, Inclusion diameter, cm

Cumulative density distributior of diameters of Fe, C
inclusions: upper curve, prior to straining: middle
curve, separated inclusions underneath fracture surface;
lower curve, separated inclusions, a distance 2z = 0.32a
awvay from fracture surface. - -
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Figure 6 Curulative distribution of net nearest neighbor distances

betvecen Fe3C inclusions.
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Figure 8 a) Fe.C inclusions and holes on axial scction of fractured
speciiten; b) fracture surface dimples (bar is 5u),
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Figure 9 Density of separated Fe.C 4inclusions, and fraction of
inclusions separated along axes of sphercidized steel gpeciwens:
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(bar is 10u).
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Figure 12 Deusity of separated Cu-Cr inclusions and fraction of inclu-
sions separated along axes of Cu-0.6% Cr alloy: a) (a/R)i = 0;
b) (S/R)i = 0.5; ¢) (a/R)1 = 1,0.
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Figurc 14 Dimples on fracture surface of maraping steel showing
large dimples of TiC inclusions, and small dimplcs of |

N13Ho inclusions (bar is 10u),




Figure 15 Fc3C inclusions and holes in specimen strained at 450°C
(bax 1ia 5u)

Figure 16 Fe,C inclusions aud holes in specimen strained at
‘ 630°C (bar is 5u)
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Figure 17 Cumulative density distribution of effective diamcters of
Fe.C inclusicns in material strained at 450°C: upper curve,
prior to straining; lower curve, separated inclusions
underneath fracture surface.
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Figure 18 Cumulative density distribution of effective diameters of
Fe.C inclusions in material strained at 630°C: upper curve,
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Figure 19 Density of separated Fe,C inclusions and fraction of inclu-

sions separated along akes of 1045 steel specimens strained
at 450°C and 630°C,




Figure 20 Dimples on fracture surface of Fe3c-hear1ng 1045 steel,
fractured at 450°C (bar is 10u).

Figure 21 Dimples on fracture surface of Feac-hearing 1045 stec),
fractured at 630°C (bar is 10u).
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Figure 22 Probability of finding a local concentration of second
phase in excess of ¢

in specimen wvith average concentration
¢, as a function of c/€. Circles are experimental, broken
curve from theory of Argon et al\iV/.
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Figure 23 Construction for determination of the distribution of
) geparated Fe,.C inclusions along the axis of a fractured
-~ gpecimen of spheroidized 1045 steel containing a large
concentration of interacting inclusioms.
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Figure 24 PFraction of separated inclusions as a function of equivalent
plastic strain: dots determined from specimens 5 and 6 of
1045 steel, curve obtained from construction given in Fig. 23.




