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SUMMARY :

Purpose: To design and develop a modulated microstructure hardened

steel consisting of alternating hard and soft layers such that

the steel has a strength of 400 ksi (28 GPa) and a fracture
toughness of 150/in (150 GPavin). The complex is to be heat
treatable, i.e., it can be softened for machining and hardened
for maximum properties.

Conclusions: A special 0.28%C alloy (Ni Co C Mo V) was designed and
developed to have the same carbon potential as a high speed tool
steel (later selected as M4), which contains 1.35%C. The latter
hardened to about 870 KHN while the former hardened to 330 KHN.
The complex with the best properties was one with about .50
soft layer. It had a strength of 270 ksi (1.8 GPa) and a
fracture toughness of 60 ksivin (65 GPavm). These are sub-
stantially below the design levels and the main problem is in
developing sufficient strength in the hard layer. (The hard-
layer, high-speed steel originally intended for the project
turned out to be too brittle for use.) The toughness probably
could be increased somewhat by a further increase in the thick-
ness of the layers. The complex was heat treatable as required,
and the achievement of the properties attained was due to the
design of an easily parted interface between the soft and hard
layers. This interface allowed the ductility of‘tho soft layer
to effectively contribute to the fracture toughness of the
complex, but it did not stop cracking at the interface effect-

ively enough so that compositions richer than 507 hard layer

could achieve high strength.




I. INTRODUCTION

This project has been the design and development of a heat treatable,
modulated microstructure, (laminated) alley steel complex. The complex was
to be machinable and hardenable and was to retain adequate toughness in the
hardened condition. Each complex consisted of alternating layers of soft
and hard alloy steels. The complexes were manufactured by hot rolling
stacks of steel sheets. The design and development of the complexes in-
volved manipulation of such variables as: the compositions and properties
of the constituent alloys, the nature of the interface between them, the
relative amount of the softer layers and the modulation distance, i.e., the
thickness of the soft and hard layers. These variables were adjusted to
optimize the strength and fracture toughness of the complex.

The basic concept upon which the complexes were designed is that the
alloying of each steel can be adjusted so that soft alloy can be presented
for testing as soft unstable austenite or as various austenite-martensite
mixtures while the simultaneously heat-treated hard alloy is completely
nardened. In the soft layer some of the unstable austenite will transform
to martensite during testing and "work harden" the soft layer. The soft
layer deformation is designed to impede crack propagation and to contribute
to the energy required for a fracture to propagate. Fracture toughness
(due to the deformation and strength of the soft layer) and strength
(contributed by both the soft and hard layers) are the basic goals of the
design.

To implement this design commercial steels were selected for the hard
Tayer and the soft layer was specially produced. The soft layer was adjust-
ed in composition so that it would be presented at room temperature as

unstable austenite by the heat treatment required to harden the hard layer.




Subsequent sub-ambiant cooling to form some martensite and low-temperature
tempering treatments were then used to optimize the soft layer properties
without altering the hard layer. A lower carbon level in the soft layer
was desirable but the two layers were required to have the same chemical
potential of carbon. This latter requirement was instituted so that carbon
diffusion would not change the Tayer compositions during required pre-
liminary heat treatment. By appropriate alloying the MS of the soft layer
was placed slightly below room temperature and the carbon content of the
soft layer was maintained in the medium carbon range.

Two series of complexes were tested. The first involved AISI 01 tool
steel (so called nondeforming oil hardening tool steel) as the hard layer.
This was matched with a soft layer alloy containing 0.38%C, 25%Ni, and 6"
Co. This Tatter steel is referred to as PS2. The éomplexes so produced
were used as a model of the system tc be developed later because the thermo-
chemical treatments were short and results could be obtained fairly
rapidly. Following the developmental work on this alloy by Dr. W. Y. C.
Chen, as a second series was studied by Dr. Daniel Ng using for a hard
layer one of two high-speed tool steels REX r R special high carbon,
very high hardness steel and AISI M4, which is a similar alloy somewhat
lower in hardness. The first of these was matched by alloy PS4, a carbon-
nickel-cobalt alloy steel of slightly different composition than the PS2.

A change from REX 71 to M4, which compromised the hardness of the hard
layer was necessitated by the low observed fracture strengths of the REX 71
layers in complexes tested in tension. The majority of the work reported

on the so called high-strength complexes is on the M4/PS4 system.

*
Trademark of Crucible Steel Corp.




The design target of 400 ksi (2750 MPa) at a fracture toughness of
150 ksivin (165 MPavin) was never achieved largely because the REX 71 high
hardness layer did not supply a strength corresponding to its indention
hardness. In spite of this failure to obtain the design goals, design
rational described below did appear to correlate the results of mechanical
property tests on both the 01/PS2 and the M4/PS4 complexes. This rationa!

should provide a basis for some future development of such materials.

II. THE DESIGN RATIONALE

In this section the variation or fracture toughness and tensile

strength with the various design parameters is considered and methods of i

optimizing toughness at high strength are described. Loading in uniaxial
tension along an axis in the place of the interfaces and the propagation !
of cracks in a direction normal to the tensile axis and also normal to the i
interface plane are considered first. Then fracture toughness for a |
fracture plane perpendicular to both the tensile axis and the interface
normal is considered. The first two processes are thought to be essential
aspects of tensile strength and the latter is the important fracture
toughness in the so-called divider orientation.

According to the law of mixture, the strength (o) of the complex is
) and soft (¢

governed by that of the hard ( layers and by the fraction

“H s)

of the soft layer (fs) as follows:

g = oy fH + o fS (2.1)

Since fH £ fS = 1, the above equation can be reqritten as
e C AR S I (2.2)
H ) e B

With the specimen under tension o, consider an elliptical crack of




Fig. ¥

CRACK—

A Schematic Drawing Showing a Crack Developed Across a Hard Layer.




length NH across a hard layer parallel to the modulation direction x-axis.

(Fig. 1). The stress o, at (x,0) will be the sum of tension stress and

Yy
the stress which arises due to the nearby crack(]) By
uAﬂI
) =g + (2.3)
Yy JEX
If the crack is not permitted to jump across the soft layer to induce
fracture on the next hard layer, the stress S at (wS, 0) has to be
smaller than or equal to the strength of the hard layer (oH),
oV,
o+ < oy (2.4)
»/4wS
using relations fs = Wo/wy + ws) and 1 - R wH/(wH + WS)’ we have
o < ! " (2.5)
H 1-fs
s 4fS

Fig. 2 shows the relation of %ﬁ to fs for both Equations (2) and (5).
The minimum strength available is indicated by the dotted Tine. As the
strength of the soft layer, dg increases, the available strength according
to the law of mixture increases. The complex of interest must be contained
in a region below the stress sufficient for cracks to jump across the soft
layer and above the minimum stress expected, i.e., the region with the
inward pointing arrows.

In such a complex a maximum fracture toughness is desired. The
fracture toughness can be estimated from the adsorption of energy, s Fg»
of the soft Tayers during the propagation of the crack. Here €q is the

fracture strain in the soft layer under plain strain conditions. Let us

assume that the soft layer can deform without restraint to a depth of




Eig. 2-

The Relations of '/"H to f_ for Equations (2) and (5). The alloy complexe:
of interest are > contained in a region below the stress sufficient
for cracks to jump across the soft layer and above the minimum stress expected;

i.e., the region with the inward pointing arrows.




uws(a v 1, see Fig. 3). The amount of work per unit area of fraction of
soft layer, GS is GS = OgEg G 2 W« Allowing a small work per unit area

of fraction of the hard layer G,,, for the complex containing independently

HQ
: 5 : : E__ .2
deforming hard and soft layers, G = (]-fs) GH + fSGS or since G TooZ © KIC

(where E and v are Young's modulus and Poisson's ratio for both layers)

2

H

~
pl
]

(1-f) K + fg)\ 2 aogeg E/(1-v%) (2.6)

If the first term on the right hand side can be neglected (or independently

evaluated, and submitted for the equation), then KIC (or /k;c -(1-fs) K;)
is seen to be proportional to fs and AV@. The proportionality to
AVZ js dependent on the constancy of a with varying X and is not solidly
based. The proportionality constant has /ngg' as the most important
material parameter. The variation of this for several alloy steels has é
been determined by Clausing (1970) who studied plane strain tensile
behavior. His results are recorded in Fig. 4 and they indicate that broad
maximum in this parameter may exist at strength levels of about 150 ksi
(1000 MPa).

Actual composites obeying the above relations must have soft layers
which are easily debonded from their neighbors. The deformation of each
soft layer must be associated with debonding at the soft-layer/hard-layer

interface. Should this interface be too tightly bonded, a triaxial

tensile stress component will develop and the fracture strain in the soft
layer will be greatly reduced. One of the considerations in the design
and manufacture of all the complexes whose properties are reported below

has been the attainment of low interface bonding.
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III. THE MODEL SYSTEM

In the model system the hard layer is AISI type 01 tool steel because
of its low cost, commercial availability, and ease of heat treatment. To
match 01 steel, a Purdue soft layer alloy (PS2) was designed based on the
following criteria: (a) reasonably high ductility, (b) strength of about
150 ksi (1.0 GN/m?), (c) carbon potential equal to that of the hard layer,
(d) heat treatment compatible with that of the hard layer. In order to
meet these criteria an iron-nickel-cobalt-carbon alloy was selected with
MS = 0°C. The composition shown for PS2 in Table I meets these requirements.
It is compatible in carbon potentia1(3’4)and heat treatment with 01 steel and
it may be subzero quenched to produce martensite at any stage in the treat-
ment. Such subzero quenching has lTittle effect on the C1 steel. The re-

(5.6) 1,

tained austenite can transform during deformation and fracture
increase fracture toughness.

The compositions for both hard and soft alloy steels are shown in

Table I.

i TABLE I. COMPOSITION OF MODEL SYSTEM. (wt.%) SR LI
Elements

Material G Mn Cr W V Ni Co Fe

AISI type 01% .90% 1.20% .50% .50% .20% O 0 Balance

pS2** .38% 25.2% 6% Balance

*

Compositions are nominal
*K*

Compositions are as-charged values. Actual carbon content may be .02%

lower.
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3.1 Experimental Details
3.1.1 Soft Layer Alloy Fabrication.

The Purdue soft layer alloy PS2 was manufactured at the
crystal growing facility at Purdue University(7). The metallic
elemental charge of the right composition for PS2 alloy was
placed in a 99.8% alumina crucible and induction heated in
vacuum. After the charge was melted down, a partial pressure |
of CO was admitted to the system and the carbon was added into
melt. The introduction of CO gas was to prevent loss of carbon
in reacting with the crucible. When the temperature of the

melt wasstabilized, the casting followed and the RF power was

turned off. The system was pumped out and the fused silica
draw tube was lowered into the melt. The system was pressurized
with Ar gas while the draw tube was being pumped on to remove
any gas that might be generated by the hot metal. The melt was
sucked up in the draw tube until it contacted a chill, made of
plain carbon steel. Solidification of the alloy was complete
in a very short time after the draw; thus, segregation and in-
homogeneous microstructure were avoided.

The solid rod product was then cut into pieces of proper
sizes and enclosed in preoxidized, sealed stainless steel tubes

for hot rolling to the desired sheet thickness. The sheets

were removed from their stainless envelopes before further

processing.

3.1.2 Manufacturing of Alloy Complexes.

Sheets of 01 steel and PS2 were cut to the proper dimension

1" wide and up to 4" long) and cleaned in an ultrasonic cleaner.
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In several complexes the component sheets were preoxidized in
air at 600°C for a specified time of 3 hours or less. A sealed
stainless steel container was used to prevent oxidation of the
sample at high temperature during the rolling process. A
schematic drawing in Fig. 5 shows the dimension and configuration
of the container and samples. The container consisted of two
stainless steel flats (A, F), two pieces of 4-5/8" x 1/4" x 1/4"
(B, D) and two pieces of 1" x 1/4" x 1/4" (C, E) stainless steel.
The pieces of A, B, C, D, and F were Heliarc welded together
(Fig. 5[b]) first. After alternating sheets of hard and soft
alloys were inserted in the container, piece E was welded onto
it. The interior of the stainless steel container was preoxi-
dized at 950°C for a period of 15 min. so that after rolling

the stainless steel would not stick to the sample.

The capsules containing samples were heated to 1150°C prior
to rolling. Typical heating time was about 10 min. prior to
rolling and typical reduction per pass was 0.1". Fig. 6 shows
the approximate heating and rolling program for each sample.
After rolling, the stainless steel container was removed by
sawing off the edges and forcing a chisel between the sample
and the stainless steel.

Every as-rolled sample, was cut to pieces of v 4.125" long
and v 1/2" wide for tensile testing specimens and two 1" x 1/4".
Every as-rolled sample was annealed at 675°C for 1 hour and then
cut to pieces 4" long and 1" wide for wachining to tensile

specimen specification (Fig. 7).




Stainless Steel Container

BT
[ - omeomm 4
i o
l’"‘ 4 "l
Sample
Fig. 5. stainlaess Stael Container and
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3.1.3 Heat Treatment.

Tensile specimen received heat treatments as follows:

(a) enclosed in a container, heated at 700°C for 20 minutes in
a lead pot.

(b) quenched in o0il, then in liquid nitrogen for 30 minutes.

(c) clamped flat with stainless steel plates, enclosed in a

container, heated to 830°C for 1 hour.
quenched in oil, then in liquid nitrogen for 30 minutes.
) tempered at 200°C for 1 hour.

M Q.
~

The reason for the first thermal cycle ((a) & (b)) used in the

above procedure was to refine the martensite plate size in the

soft layer.

3.1.4 Interfacial Bonding Measurement.
There are several methods to characterize interfacial
bonding. The method chosen here was similar to the one Gi]man(7)
used to measure the surface energy of various single crystals.
In this method a partially split specimen, (Fig. 8), is loaded

as a double cantilever beam and the force required to propagate

the crack recorded. Knowing the original crack length and the

width of the sample, the interfacial bonding energy density, v,
can be calculated according to:

y= L (3.1)
Ew’ t?

where t is the half thickness, F is the force, L the crack lenath,
w the width, and E is Young's modulus. For the case where the \

split is not centered, y can be written as:

- - 4

| Skl 1 3 (3.2)
E w* t; s

where t, and t, are thickness of the upper and the lower halves.

For the present tests, special four layer sheets comprised

h——-——-—-—-—-—-——-—-———————-—-———-—-—-J
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of alternating hard and soft layers of equal thickness were pro-

duced by the standard techniques. A four-layer sheet was prepared

using each of the following oxidation treatments: no oxidation,
142 he., Wbhe., ¥ 1/2 hes.y 2 hes.s 2 1/2 hes., 3 hrs. at 600°C.-
Five specimens 1" x 13/16" x .031" were prepared from each

sheet. The specimens were heat treated as prescribed in Section
2.4. A hole was cut by electro discharge machining (EDM) as
indicated in Fig. 8. By means of a sharp wedge forced against
the specimen end, a crack was introduced in the center interface.
The crack was propagated until it extended to about half the
specimen length. Specimens with irregular cracks were rejected.

The specimens were then tested in an Instron machine by
clamping the wires (Fig. 8) in standard friction-type grips.
When the crack began to increase in length, the applied force
decreased suddenly because of the increased deflection of ends
of the specimen. The force at which this happened was recorded
as critical force for crack propagation. The crack lengths were
measured under the microscope. The interfacial bonding energy
was calculated by means of Equation 3.2.

In order to improve the measurement of the interface bond-
ing energy a change was made in the analysis of the test data
and in the way the test was conducted, the method used is
basically the same as that previously described. The split
specimen (Fig. 9) was loaded as a double cantilever beam and
the force F, required to propagate the crack was recorded.
Knowing the origiual crack length L, and width w of the sample,

the interface bonding energy density y was calculated.




|

<Approximate
Central Interface

o

t——______Stainless Steel Wire

it

Figure 8. Specimen for Interfacial Bonding Energy Measurement.
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Samples were prepared by hot rolling two layers together.
In order to eliminate the difficult task of forcing open a
starter crack between the layers after the sample was fabricated,
a portion of each layer was thinned to substantially less than
the rolled half-thickness; this assured the presence of a crack
immediately after rolling. The starter crack was then expanded
slightly with a wedge into the uniform part of the specimen.
The average rolling reduction was determined by measuring the
areas enclosed by marker-holes before and after roiiing.
Specimens of approximately 1/2 in. (12.3mm) x 1 in. (25.4mm)
were prepared with a hole drilled using an electric discharge
machine. Wires were attached through the drilled hole to the
uniform portion of the specimen. The specimens are tested in
an Instron machine by clamping wires in the standard friction
grips (Fig. 8). When the crack begins to increase in length,
the applied force decreases suddenly because of the increased
deflection of the ends of the specimen. The force at which
this happens was recorded by a strip chart recorder and the
crack Tength measured by a traveling microscope. By measuring
different values of F and L, an average value of y can be
obtained by using the above equations. However, measurement of
L is inconvenient and was eliminated by means of the equation
relating the elastic deflection of the ends of the cantilever
beams ﬁe and elastic force, le‘ T80 s ’e : 3{} 3 OF in terms

of the time derivatives, ' and . B0 3E1] é(/f(. where 1 15
) e e

the areal moment of inertia, s is the crosshead speed, and




Fe = s is the slope of the force time curve which is chart

recorded. Thus,

(3.3)

6(3EIée)'/’ ’ F )
Ew t’ | \s1/3

- —

v
l

As the interface crack propagates along the specimen, F and s
both decrease and a plot of F versus si/3 yields a straight line
passing through the origin as shown in Fig. 9. Since all the
bracketed terms in the above equation are fixed and known, the

slope of this line determines v.

Tensile Test.

The tensile-specimen design (Fig. 8) utilized pin-loading.
To hold the tensile specimens, a pair of pin-loaded grips were
designed and machined. The performance of these grips and the
tensile specimen during testing was satisfactory.

A1l the tensile specimens were tested at room temperature
(v 22°C) with an Instron Floor Type machine with maximum capacity
of 10,000 1bs. A strain gauge extensometer (Model G-51-16) was
used to record strain. The cross-head speed was maintained at
.02"/min. at all times so that the strain rate was the same for
all specimens. The force and strain were recorded during the

test.

Microstructure.
Sections of tensile test specimens were mounted and polish-
ed. The microstructures were studied with a Leitz optical

microscope or a scanning electron microscope if high magnifi-

cation was needed for fine details.
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3.1.7 Microhardness Test. |

3.1

.8

— Senm—

The microhardness as a function of distance in the modulation
direction and along the tensile axis was measured with a Knoop
indentor and a 400 grams load. This measurement was used as a
test of proper quenching of the tensile specimen and to obtain
information on the hard and soft layer strength levels in the

complex as compared to each single component.

Tensile Testing Program.

A systematic program was implemented to investigate the
effect of interfacial bonding and fraction soft layer on the
tensile properties of the alloy complex. Oxidation treatment
of layers at 600°C for 0 hour, 1 hour, 2 hours, and 3 hours
were selected. For each treatment four samples were produced
at the 0.5 fraction soft layer (fS = .5). Another series of
samples received the 2 hours oxidation treatment while fraction
of soft layer varied from 0 to 1.0.

For mechanical testing a standard sample was required.
Each sample contained eleven layers in total, five hard layers
and six soft layers. The outer layers were soft ones which
might reduce the possibility of specimen cracking originating
at exterior surface flaws. For convenience in mechanical test-
ing as well as to keep materials costs low, the specimen thick-
ness was kept around .080" (2mm), i.e., a wavelength of about
.015"(.4mm). A1l the specimens were to be heat treated and
tested at the same condition which will be described in a latter
section. Table II gives a summary of all specimens, their

oxidation treatment prior to hot-roll welding, and the volu-
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metric fraction of soft layer for this study.

3.2 Experimental Results and Discussion.

3:2.7

Interfacial Bonding Energy Measurement.

The interfacial bonding energies obtained for various oxida-
tion treatments by means of the techniques described in Section
2.5. are shown in Fig. 10. These results are regarded as
tentative because the specimens have so few layers and because
the measurement technique was under development during their
measurement, but the data do show a reduction in bonding with
increasing oxidation time. The interfacial bonding energy de-
creases as oxidation time increases as expected, since increasing
of oxidation results in poorer bonding, therefore, requires less

energy to propagate cracks.

Using the more precise measuring technique, additional data was

obtained. Four samples were made from 01 steels which have been
oxidized in air for 2 hours at 600°C (1110°F). They were each
rolled twice and after each rolling annealed at 1150°C (2100°F)
for ten minutes. The rolling reduction of these samples ranges
from about 4% to 40%. Measurements showed that the bonding
energy is essentially independent of rolling reduction at about
5 x 10° erg/cm® (Fig. 11). This is a rather surprising result
and we postulate that the bonding energy decreases slowly with
increased amount of oxides at the interface and does not vary
significantly with increased rolling reduction, and that rolling
may well influence the interlamellar bond strength by reducing

the oxide particle size and hence reducing the size of the longest

initial crack. Further experiments show the bonding energy does
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depend on heat treatment temperature and time.

For these experiments, samples were prepared by a fixed hot
rolling treatment followed by a ten minute anneal at 1200°C
(2200°F) or 1050°C (1900°F) or 870°C (1600°F). The interfacial
energy of these samples is shown in Fig. 12. In spite of in-
significant differences in rolling reduction, an increase in
energy with increasing post-rolling annealing temperature is clear.

A value of v = 5 x 10° erg/cm? for the oxidized 01/01
interface implies a value of stress intensity factor of about
15 ksi Vin for the propagation of a crack along the interface.
While large improvement in tensile ductility in the model system
is achieved when this kind of interface is substituted for well
bonded ones, further reduction in the value of y is required for

the high strength system to be described later.

Tensile Test Results.

The tensile test data will be divided into three subsections:
(a) the stress-strain (o-¢) curves for solid 01 steel and solid
soft alloy PS2; (b) the effect of oxidation time of each individual
layers prior to hot-roll welding on the tensile properties of ‘
alloy complex at the fifty percent of soft layers (i.e., fs = .50);
and (c) the effect of soft layer fraction on the tensile properties
of alloy complex at a constant oxidation time of 2 hrs. at 600°C.
The data for specimens which failed outside the reduced section
were not included except for cases where ductility was very low,

Ty TS 0 and fs = .25.
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3.2.2.1 o-c Curves for Solid Single Components.

Figure 13 shows the o-c characteristics for solid 01 steel

and solid Purdue soft alloy PS2. The 01 steel after hardening
and light tempering is expected to be of high strength (v 340 ksi i
or 2.3 GN/m?) and to be brittle and Purdue soft alloy PS? is
expected to be ductile and of lower strength. The measured
strength for 01 was around 300 ksi (2.1 GN/m?), not far from the
expected value, and no plastic strain was observed. The tensile
strength for PS2 was around 180 ksi (1.2 GN/m?) and the total
strain was about 5%. The last figure is lower than one desires
to have but it is large enough to have meaningful tests on the
alloy complex. Note the stress-strain curves presented here are
engineering stress-strain curves. The heavier symbol at the end
of each o-¢ curve represents the fracture point.

3.2.2.2 The Effect of Oxidation Time (Partial Debonding) on Tensile

Properties at Constant Fraction Soft Layer.

The fraction of soft layer was chosen to be .50, i.e., equal
amounts of hard layer and soft layer, as suggested by the design
rationale. At this constant soft laver fraction, four sets of
specimens were prepared: no oxidation of layers prior to hot-rol]
welding, 1 hr., 2 hrs., and 3 hrs. oxidation at 600°C.

The o-¢ curves for these four sets of specimens are shown in
Figures 14, 15, 16, and 17. The tensile stress (vT), 0.1% yield
(oY), and the plastic strain (rp) of these specimens as a function
of oxidation time are plotted in Fig. 18. The o and oy decrease
slowly while the plastic strain increases significantly as oxi-

dation increases. These are expected because as the oxidation
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increases the interface bonding becomes less perfect. The un-

bonded areas where retained oxide particles reside may serve as
a blunt to the approaching crack and may also allow the inter-
face to separate and let the soft layer to deform independently.
As a result, the plastic strain and percent reduction in area are
increased as oxidations increases. This is also in agreement with
the interfacial bonding energy measurement. The small decrease
in the strengths, less than a 10% drop as specimens oxidized for
3 hrs., may be due to the slight decrease in effective hard layer
volume by decarburization accompanying oxidation. The plastic
strain is almost doubled as oxidation time is increased to 3 hrs.
The plastic strain increases more rapidly initially and levels
of f after about 2 hrs. oxidation.
3 The Effect of Soft Layer Fraction on Tensile Properties at
Fixed Oxidation Time (Partial Debonding).

Two hours oxidation at 600°C appears to be an optimum treat-
ment for the alloy complex with fS = 0.50 in terms of tensile
properties (Fig. 18). In order to see the effect of soft layer
fraction at this optimum treatment, four additional sets of
specimens: fS =0 (i.e., laminated 01 steel), Fo = .25, £, = .75,
and f_ = 1.0 (i.e., laminated soft alloy PS2), were prepared for

comparison with the fs = .50 set of specimens already tested.

The o-¢ curves for these five sets of specimens are present-
ed Fig. 19. All the f_ = 0, and f_ .25 sets of specimens
failed outside the reduced section and are included to show their

brittle nature and the crack jumping phenomena which was expect-

ed (Design Rationale. The slope of the elastic portion of -




39

*3urprem ITo1-30Y 03 1o0T7ad
*81Y 7 103 D3,009 1B PIZTPTXO 2194 susdwfdads TV *00°T pue g/
f0g* ‘CZ* ‘O = 83 Y3ima susuidads 103 saain) UTB135-683135 ayy "f| @andT4




| 3.2.3

3.2.4

curves decreases as fg increases. The tensile stress and 0.1%
yield stress drop sharply as f¢ increases (Fig. 20). The plastic
strain and percent reduction in area increase slowly with increas-
ing fg and rapidly beyond fgq = .75. The amount of plastic strain
as a function of soft layer fraction seems to deviate from the
law of mixtures while the strengths of the alloy complex agree

well with the law of mixtures.

Microstructure.

An example of oxide particles retained in the interfacial
area is shown in Fig. 21. The nearly circular shape dark particles
across the middle of the micrograph are oxide particles. This
SEM micrograph with a 3000 magnification was taken on a section
of a specimen in which layers were oxidized at 600°C for 30 minutes
prior to rolling.

The optical microstructure of complex D121, fg = .50 and

oxidation treatment 2 hrs. at 600°C, is shown in Fig. 22.

Microhardness.
Tensile specimen D121 was sectioned into five pieces. The
outer two parts including pin hole and the central reduced section

were mounted and polished for microhardness measurement. Fig. 2:

shows the Knoop hardness number versus distance modulation direc-

tion (i.e., perpendicular to interfaces). The hardness numbers
in hard or soft layers alone are quite consistent except two
outer soft layers.

The hardness numbers in the hard layers are around 800 while

those in the soft layers are about 410. The constant hardness of
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3.2.5

the soft and hard layers and proper hardness achieved in both
prove that the heat treatment was properly performed. The de-
crease in hardness at the exterior surface of the outer soft
layers might be due to the draining of carbon from these layers
into the stainless steel container during the hot-roll welding

process.

Fracture Path.

The fracture surfaces of all the specimens tested were exam-
ined microscopically. Typical schematic fracture topographies
are shown in Figs. 24 and 25 for no oxidation, 3 hrs. oxidation
at 500°C respectively. Figure 24A is a scanning electron micro-
graph of a typical portion of the fracture shown schematically
in Fig. 24. Figure 25A shows a corresponding view for Fig. 25
in the fracture topography; first, the overall fracture surface
is irregular in appearance except for a few hard layers where
smooth brittle fracture occured. Secondly, debonding along inter-
faces and some degree of necking of individual layers is present.
Thirdly, the origins of cracks in these specimens were usually
located in the interior. These four figures show that as oxidation
time is increased, the amount of necking as well as the amount of
partial debonding increases. This results in the increased strain
and reduction in area as observed in the tensile test results.
Figs. 26, 27, 28, 29, and 30 show schematically the fracture
appearances of specimens D304, D332, D353, and D3P4. These
specimens were all oxidized for 2 hours and show soft layer con-

tents which range from zero to one. Figs. 26A, 27A, 28A, 29A, and

30A are scanning electron micrographs of the portions of the
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Figure 24A. A Micrograph Showing the Fracture Surface of Specimean D 112.

Magnification 100x.
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fractures shown in Figs. 26-30. The fracture in the Taminated

01 steel (Fig. 26) shows typical brittle fracture characteristics.

For specimens with f_ = .25, Fig. 27 shows several crack nucleation
sites as fracture propagated across the whole specimen. As fs is in
creased, Figs. 28 and 30, the degree of debonding and necking increases

and so does the amount of shear fracture. Fig. 29 shows reduced
debonding and necking and the corresponding tensile tests show
decreased ductility but not decreased area reduction. The reason
for this exceptional behavicr is not clear.

In contrast to the scanning electron micrographs of fractures
of laminated complexes, the fracture of the solid 01 and solid
PS2 alloy are both smooth and perpendicular to the tensile axis.

These are shown in Figs. 31 and 32.

3.3 Conclusions.

A Purdue soft layer alloy PS2 has been designed based on several
design criteria to match the hard layer alloy, AISI type 01 tool steel.
The PS2 alloy was successfully fabricated with a vacuum melting
facility at crystal growing laboratory of Purdue University. The
ingots were hot-rolled to suitable size for manufacturing of alloy
complex (MMS) with 01 steel.

One of the most important conclusions in a preliminary study was
that the interfaces were too well bonded. As a result, the soft
layers could not deform independently and little ductility was observ-
ed. In the model system, a technique of creating partial debonding
in interfaces by oxidation of the surfaces of layers prior to hot-roll

welding has bLeen developed and evaluated. A method of interfacial

bonding energy measurement was developed to characterize the inter
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face bonding and preliminary measurements were made which show that
the energy decreases as the oxidation time increases.

The partial debonding which resulted from the retained oxide parti
cles in the interfaces, contributes ductility to the alloy complex as had
been theorized. The evidence is shown in the study of the effect of
oxidation time on the tensile properties of alloy complex at 50! soft
layer fraction. In that study, the tensile stress and .17 stress
decrease slowly with increasing oxidation time, while the plastic
strain increases rapidly as oxidation increases which is in agreement
with interfacial bonding energy measurement.

In the case of the effect of soft layer fraction on the proper-
ties of alloy complex at constant oxidation time. i.e., identical de-
bonding condition, the results show: (1) the tensile stress ('T) and

1% yield stress (cY) drop sharply as fs increases; (2) : and o, of

)

the alloy complex obey the law of mixtures; (3) the plastic strain
and the percent reduction in area increase slowly with increasing f:
and rapidly beyond f_ = .75 which seems to deviate from the law of
mixtures.

The examination of fracture surfaces revealed that the shear
fracture modes dominate except in few hard layers where brittle
fracture occurred for specimen of 50% soft layer. The fracture topo-
graphy was quite irregular. There were more partial debonding and
more necking which implied more plastic strain as oxidation time was
increased. This agrees with the tensile test results guite well.

Another interesting observation was that the failure in these

specimens originated mostly from interior rather than from the edge

of one hard layer as occurred in preliminary tests. This suqggest
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that the replacements of hard layers by soft ones on the outermost
layers helps decrease the probability of specimen failure from surface

flaws.

3.3.1 Conclusions from Model System
The following conciusions were drawn from the study of the
model system and were used in planning the high strength system
program:

1. The design rationaleon strength was not disproved. The law
of mixtures holds tor tensile strength for fractions soft
layers greater than about 0.5 when this premature fracture
occurs which is predicted by the design rational as due to
elastic crack jumping.

2. To get deformation in (and hence fracture toughness from) the
soft layers they must debond from the adjoining hard layers
during deformation and fracture. A technique for developing
interfaces which will debond has been partially developed.

3. A very high hardness hard layer is required to get the design
strength at 0.5 = f,. The soft layer should also be as

strong as possible.

[V. THE HIGH STRENGTH SYSTEM
The high strength complexes contain alternating layers of high-
speed tool steel and a matching lower hardness alloy. They were de-
signed to utilize the maximum hardness available in the high-speed
steel and to achieve toughness by allowing independent deformation of

*
the softer alloy. Initially REX 71 was used at a hardness of 70 R

*
Crucible Steel.

—— - |I|“-"—-
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(1075 DPH)(obtained by triple tempering at 540°C) as the hard layer
and alloy PS4 was matched to it. However, complexes from REX 71
always fractured in the prior austenite grain boundaries at a stress
much below that expected from the indention hardness. AISI M4 tool
steel was substituted for REX 71 to help avoid this premature fracture
problem. Although this substitute was successful, M4 has a maximum
hardness of 65 Rc (800 DPH) which represents a substantial decrease in
potential strength. Essentially all the work reported in this section
is on M4/PS4 complexes.

Another major change was required in order to control bonding of
soft layers to high-speed steel hard layers. The high-speed steel layers
contain alloying elements which reduce preformed oxides and these layers
usually either bond readily to the soft layer or form a gas pocket
along the interface. (The gas is presumed to be Co formed by reduction
of the iron oxide which had been positioned in the interface.) To
control the bonding in these complexes two thin layers of austenite

F 3 stainless steel (AISI type 310) were placed at each interface and
their interface was oxidized and formed the parting plane. The

properties of this interface and interface zone will be described.

4.1 The Alloys and Heat Treatment.

The alloy complex is comprised of two essential layers which
alternate and are separated by a thin interface zone. The alloys
comprising the two essential layers must be:

l. compatible in heat treatment, i.e., they must be heat
treated together,
2. equal in carbon activity, i.e., carbon does not tend

to diffuse from one to another during heat treatment,




properly bonded, i.e., the interface must be sufficiently
well bonded to prevent interface shear and thus maintain
the same strain in the hard layer and the soft layer but
the interface must be weak enough so that it will part
during cracking and hence allow the softer layer to
plastically deform.

The alloys presently in use are M4™ and PS4 developed within
this project and melted by Armco Steel. Their compositions
(nominal for M4 and actual for PS4) are given in Table III. PS4
was developed to match a slightly higher carbon high-speed steel
and has a carbon activity some 20% higher than that of M4. Thus
about 0.05 wt. pct. carbon transfer occurs from PS4 to M4 during
the heat treatment of the present complexes. The interface zone
is comprised of two sheets of AISI 310 stainless steel each of
which has been carburized to the same carbon potential as the PS4.
Each has also been preoxidized on one surface. The stainless
surfaces facing PS4 and M4 are clean and the preoxidized surface:
abut. The entire zone has a thickness of about 5 pct. of the
total of the hard and soft layer thickness, i.e., about 5 pct. of

the repeat distance in the complex.

Alloy %C s Co Cr Mo ¢ Ni ' W
M4 Lok ~- 4.25 4.50 - 4.00 S
PS4 .28 10 -- 1.t ’6 5
310 g - 25 -- 2 - -
*Carburized to act ivity of C in PS4.

*
Crucible Steel CPM M4.



4.2

The M4 steel was obtained in bars 3/8" x 1" (9.5mm x 25mm).
For the manufacture of the complexes, the bars were protected in
temporary stainless steel envelopes and rolled down to sheets of
.020" (0.5mm) thick at a temperature of about 2100°F (1150°C).

The PS4 alloy had been cast in ingots of about 1 1/4" x 3" x 10"
The ingot was cut and rolled down to sizes in a similar manner.
According to manufacturer's instructions, the M4 steel was anneal-
ed after rolling by holding at 1600°F (870°C) for 2 hours and
cooling at 25°F (14°C) per hour in the furnace to below 1000 f
(540°C).

Hardening heat treatment of the complex is essentially the
heat treatment for the M4 recommended by the manufacturer followed
by a hardening and tempering treatment for PS4. It is shown in
Fig. 33 and involves austenitizing at 2175°F (1190°C) for 2 minutes,
quenching in oil and tempering at 1000°F (540°C) for two hours.
cooling to 149°F (60°C)* and repeating this tempering treatment
two more times (triple tempering). The PS4 alloy was then
partially transformed to martensite and tempered for 30 min. at

450°F (230°C).

Microstructure of the Complexes

Complexes were prepared from M4 hard layers, PS4 soft layers
and 310 interface zones in a number of different layer configura-
tions to exhibit the variation of fracture toughness with the

prominent characteristics of the laminates, i.e., the fraction

*
The 140°F catch temperature prevented martensite function in
the PS4 layers.
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soft layer fs, the repeat distance (width of a soft and a hard
layer). Some complexes were prepared for tensile testing. The
interface bonding was held essentially constant as was the inter-
face zone geometry. The heat treatment previously described was
applied to all samples except as noted. Fig. 34 shows the optical
microstructure of the resulting complex. The liquid nitrogen
quench has resulted in substantial martensite formation in the
light PS4 layers and the dark M4 layers exhibit substantially
complete transformation after triple tempering. The martensite
in the dark (hard) layers is much finer than that in the PS4 and
its plate shape is difficult te resolve after triple tempering.
The PS4 etches rather lightly since its martensite has been
tempered at only 450°F (230°C). The interface zone centers
around the oxide bearing interface which is well marked by the
fine dispersion of oxide particles. These are trapped at the
abutting 310 stainless surfaces and they populate the surface
along which parting occurs to allow the soft layer to behave
ductilely.

To reduce the value of the interface bonding to a low level,
two layers of stainless steel foils were introduced at the M4-
PS4-interface. Each foil has only one side oxidized and these
sides face each other while the unoxidized surfaces are facing
the M4 or the PS4 surface. From past experience, the stainless-
stainless surface should be easily debonded. Such an interface
has been prepared and measurement of the interface bonding energy

gives a lower value of about 2.5 x 10° erg/cm”, indicating that

the stainless-stainless interface has low bonding enerqgy of about
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half that used in the model system.

Several features of the interface and interface zone are of
interest. As previously discussed and experimentally demonstrated,
an interface with an effective K. of 15 ksi /in) (16 GPa/m) or
less is desired and the value is determined by interface chemistry
and by annealing temperature and time, but not by rolling reduc-
tion. The preoxidized stainless steel foil interfaces appear to
meet the requirement. In addition the zone has measurable width.
As a result of required heat treatments, the interface is
necessarily diffused so that the stainless layer is no longer
distinct but a zone of altered chemical composition, structure,
and mechanical properties is developed. Since many interfaces
are present in the complex, the width of their zones is a signifi-
cant variable. The zone and its width and the variation of
width with treatment is discussed below.

Curves drawn through microprobe composition measurements are
shown for a typical sample in Fig. 35. The zero distance is the
center of the interface marked by oxide particles. Nickel and
cobalt are diffused from the soft layer (S) into the hard layer
(H). Cr is peaked at the interface where it was added in the
stainless steel and has diffused into both layers. The micro-
structural effects of this is to:

1. Retain austenite in the adjoining region of the hard i

layer. Notice that Ni, Cr, and Co are all added to

this region. These act in opposite ways on the activity f
coefficient of carbon so carbon content is little affect- f
ed. Nickel and chromium both lower the M‘ and their

D—

, . ——
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combined effect is perceived to account for the retention

of austenite in this region.

2. Stabilize austenite in the adjoining region of the soft
layer. This region loses some nickel and cobalt and
picks up some chromium. These affect the Ms in opposite
ways but they all decrease the activity coefficient of
carbon. Carbon thus probably becomes higher in this
region and lowers the MS causing complete austenite
retention.

Also shown in Fig. 33 is the Tow load (25g) microhardness
profile through the interface. (These hardness readings are much
larger than those obtained at high loads and indicate only rela-
tive hardness, which suffices for present purposes). These hard-

ness values indicate that the effective strength interface has

been shifted 0.0004 in (10 um) into the hard layer to the position
marked by the vertical line from b up to a. This line is position-
ed so that area a is equal to area b.

In summary, the two interface properties of primary interest
are: interface zone thickness, in particular &s -- the effective
shift into the hard layer and interface binding, the ability to
release the soft layer so that its ductility can be utilized to
stop crack propagation.

The above experimental results are for one sample and their

use for other samples with different heat treatment and rolling

reduction histories requires appropriate correction. In the
; course of processing the complexes, various heat treatments and

rolling reductions are carried out. These effects are combined

L‘——mw‘ - . - L_J
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to produce the interface zone. Since rolling is accomplished
rapidly, diffusion occurs during the annealing periods and the
effect of rolling is to alter the thickness. The final interface
thickness is the combined effect of broadening by diffusion and
reduction by rolling.

The combined effect can be calculated in the following way.

The diffusion distance during the ith annealing is \; = ,?Djti

when Di is the appropriate diffusivity at the annealirg temperature

and ti is the annealing time. Following this anneal a thickness

reduction r, = h./h. . occurs and A. becomes r.A.. The i+l anneal
i e i i

is then carried out with A1+] - #201+]t The distribution due

T L

to these two anneals is characterized by diffusion distance

[(ri Xi)’ + Xi+]2]vz. This may be combined with subsequent re-
hgs
ductions until for all reductions, with Ri - Hflﬁél_’ one obtains
N , E AT
Apsnat = ) RY A = /2 //L Ry D, t. (4.1)
i=1 1=]

4.3 Mechanical Properties.

Two main types of mechanical property measurements were made,
fracture toughness for cracks whose front is normal to the interlayer
boundary plane (divider orientation) and tensile strength where the
tensile axis lies in the laminate plane. The rolling direction was
maintained parallel to the axis of tensile loading in both types of
tests. The results of these tests show that the experimental material

behaved consistently but did not approach the design levels of tough-

ness or strength.




4.3.1

Fracture Toughness Measurements.

In order to determine the behavior of various complexes,
several variables were examined in the fracture toughness testing
program. The fraction of the complex in the soft (PS4) layers,
the thickness of the individual layers, and the thickness of the
test sample, were individually varied. The manufacturing tech-
niques and heat treatment were maintained constant as previously
described.

The details of the testing procedures in general follow
ASTM E 399-72 "Plain-Strain Fracture Toughness of Metallic
Materials" with several exceptions dictated by the material. The
compact fracture toughness specimen shown in Fig. 36 was used at
thicknesses between .04 in (1mm) and .18 in (4.6mm). This thick-
ness is sometimes less than that required by E399-72 and is
smaller than W-a. The specimens were machined, in the annealed
condition and then heat treated. The surfaces were ground and
polished so that cracking could be observed under a metallurgical
microscope. The specimens were fatigue cracked at controlled
force at a frequency of 20 Hz a hydraulic testing machino.* They
were cycled between a minimal tensile load and a level which
would produce K v 10 ksivin (11 MPaymm). About 10° cycles were
required to produce a fatigue crack about .050 in (1.2mm) long,
the minimum crack length used. The specimens were tested in a

* Kk
screw driven tensile machine and the crack opening displacement

*
«+MTS machine in laboratory of Prof. Hillberry, Purdue Univ.
Instron Model TTCL.
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(CCD) was measured with a standard clip-on gauge which had been
calibrated with a mechanical extensometer. The force and COD were
recorded. Fig. 37 is a copy of one such record for a sample 14
which had a thickness of 0.155 in. All curves were of this type
(Type I according to E399). The KI corresponding to the maximu
force was found to be reproducib and correlatable material
property. Its selection was dictated by the presumption that
cracking would be occurring in all layers at this load. The
downward part of the force displacement curve was commonly well
defined and marked the continued propagation of the crack through
the specimen width.

The resulting fractures macroscopically followed the plane
defined by the notch and fatigue crack except for oscillations
which gradually increased in amplitude as the fracture continued.
A macrophotograph of the fracture of Sample 14 is shown in Fig.
The fatigue crack is the smoother region and the correlated wave
in the hard layer fractures are readily seen under the oblique
illumination. The soft layer fracture is straighter.

The K, values corresponding toc maximum load were calculated

I
from that load, P, and the geometry (thickness, B, depth, W, and

crack length, a) of the sample according to

K, (f [2) f(a/W) '
1
where *ll".'.\, 1S Ii‘.’l’h in | ‘1",)'_‘ for compact pecimens whert
a/W e The B values for most samples (and all individual
la rs) were well below tho required y £3Y9 Oy tior {
1 1 }
valid k ence the val | I ! ! { \
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Fig. 38. Macrofractograph of Compact Fracture Toughne Specimen 14.
Fatigue crack is on the left. Dark layers are PS4. Light
layers are M4. bligue illuminatijon. 5X.
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thickness and to correlate with the structure.

A series of samples was prepared and tested at various
fractions of PS4. Maintained constant were the wavelength
(total thickness of a typical soft and a typical hard layer) and
the sample thickness.™ The results are shown in Fig. 39. The
resulting straight line relationship shows that the observed
maximum KI values for laminates consisting of mixtures of soft
and hard layers are approximately linearly related to similar
properties of similarly laminated PS4 and M4.

Another series of samples was prepared and tested at various
sample thicknesses with layer thickness and fraction soft (PS4)
layer maintained constant. The fraction PS4, fs’ is such an
important variable that the KI values were all corrected from the
measur ed fs to fS = .5 using the measured fS values and the slope
of the line in Fig. 39. This correction was typically about
3 ksivin. The resulting variation of KI with B is shown in Fig. 40.
The larger B values suffice to allow KIR to be measured according
to "plane strain" continuum theory for a homogeneous sample. We
were surprised to see any dependence on B in these laminates.

A third series of samples was prepared and tested to show
the effect of soft layer thickness on fracture toughness at fixed
fS .5 and B. Since the fraction soft layer is maintained con-
stant, the soft laver thickness varies with the wavelenagth,

These wavelengths lie between .004 to .014 inch (.1 to .35mm) and

plastic (plane stress) deformation of the soft layers, which ar

.0092 in (.23mm), B .061 (1.56mm).
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half these thicknesses, extends completely across these layers.
The KI values are shown as a function of A in Fig. 41. The
scatter is large and one possible curve through the points is
drawn. The basis for the curve will be presented below.

The fractures of typical specimens in the fs series were
examined under the scanning electron microscope (SEM) and fracto-
graphs are shown in Fig. 42. These fractographs show that inter-
layer parting occurred and (at higher magnification) that it
occurred on the oxidized interfaces designed for it. Occasional
chevron markings on the fractured hard layer indicate that the
fractures went from right to left (as they did, in fact) in each
sample. The areas photographed are near the start of the crack,
i.e., within a few hundred microns of the fatigue cracked area.
The fractographs can be readily compared with the microstructures
shown in Fig. 34. Evidently the large plate martensite and re-
tained austenite of the PS4 necked substantially during fracture.
The diffused interface zone was essentially brittle on the M4
side of the oxide line and ductile on the PS4 side, Fig. 4, i.e.,
it behaved as a sharp line in the fracture process.

In order to correlate fracture toughness (or more precisely
the K] obtained from the maximum load), with the main structural
parameters the relations postulated in the Design Rationale were
used. These are rediscussed briefly below.

The energy to propagate fracture a unit distance is

BG = B(1-f )GH t fo G\ (4.3)

&
S

when G = A K1. GH A KiH for the hard (M4) layer in which A is
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a material elastic constant, and where st GS is proportional to
the square of the width of the soft (PS4) layer, ws. This latter
proportionality is postulated because necking is expected to pro-
duce severe plastic strain across each soft layer to a depth of
wS in each soft layer. This distortion is only possible if the
interfaces part and remove the hydrostatic tensile stress compon-
ent which would otherwise be applied to the soft layers by the

undeformable hard layers. Such parting has been achieved. Thus.

n
S ;
f_BG. =CA ) W_. ~ CAB (fsx)‘ (4.4)
j=] A

where )\ = @s £ ﬁ is the repeat distance and CA is the proportion-

H
ality constant.

Thus,

2

K1

s i < 4.5
= K]H (1 fs) + D fs A (4.5)

This equation is not precisely consistent with the linear
variation of K] with fs shown in Fig. 39 but the required curva-
ture of that line is not outside the scatter of the data. In

Fig. 43 the K; - K; (1—fs) from all tests were plotted versus the
combined structural parameter f; \. There is considerable
scatter but as indicated above linear variation appears not un-
reasonable. The curve in Fig. 41 is drawn to fit the data using
the above relations.

Thus the fracture toughness, the fracture appearance, and the

microstructure appear to be reasonably correlated by the simple

ideas previously proposed.
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4.3.2 Tensile Tests.

Two tensile test programs were run. In the first program
the heat treatment of the complex was varied and the strains were
carefully measured so that the yielding and fracture behavior of
the hard layer could be estimated. In the second program the
heat treatment was fixed as previously given and the fracture
stress was measured for several fractions of hard layer. This
latter program was not completed because of funding limitations
but nevertheless it yielded some pertinent results. .

In the first program tensile tests were conducted on speci-
mens machined from annealed complexes which were subsequently
heat-treated including triple tempering for two hours at a temper-
ature between 600°F (315°C) and 1000°F (537°C). Between temper-

ing the complexes were cooled to room temperature which allowed

some martensite to form in the PS4 layers. This martensite was
then tempered in the next tempering step. The specimen design is
shown in Fig. 7. After heat treatment the specimens were ground
smooth and for the higher tempering temperatures Q]ectrwpollxneA*
in and near the reduced section. After electropolishing the micro-
structure of both hard and soft layers could be seen on various
parts of the surface and what few defects were observed did not
correlate with the ultimate fracture locations.

Electric resistance strain gauges** were attached directly
to both sides of the test specimens and were read by Strain Gauge

*

Electropolish was 25bm Cr0s, 7ml h,0, 133ml glacial aceti¢
**acid; 20V.

Type EA13 125BT-120 Micro-Measurements, Ramulus, Mich.
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Indicator™ as the specimen was loaded in a testing machine** which
automatically recorded cross-head position. Cross-head position
was used as the strain measurement for strains longer than 2 per-
cent where the gauges failed.

Following fracture the bars were sectioned longitudinally and
metallographically polished. The fraction hard layer was measured
and corrected for the effective interface shift as discussed pre-
viously. Microhardness (KHN) of both hard and soft layers were
determined at 500g load. These latter values are plotted versus
tempering temperature with corresponding values for bulk samples
of M4 and PS4 in Fig. 44. The Knoop hardness of the bulk M4
samples is not greatly different from that of the corresponding
hard layers. A smooth curve with a minimum at 700°F (311°C) and
a maximum at 830 KHN at 1050°F (565°C) is drawn through both these
sets of points. The PS4 layers are slightly harder than the bulk
PS4. This is probably because they contain some aged martensite
as mentioned above. This martensite is not present in the bulk
PS4 alloy. The horizonal line in Fig. 44 indicates the average
hardness of the soft layers.

Four typical stress-strain curves are plotted in Fig. 45 as
the solid lines. An approximate analysis of these stress-strain
curves was carried out to indicate yield in the hard layer. In
this analysis the observed amount of hard layer was assumed to be

elastically strained according to its published modulus and the

*
«x1ype N Baldwin - Lima - Hamilton - Waltham, Mass.
Model TTC Instron Eng. Corp., Canton, Mass.
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soft Tayer was assumed to be ideally plastic at whatever stress

was required to reproduce the "knee" in the stress-strain curves

such as those for tempering at 700, 800, and 900 in Fig. 44.
These constant stresses superimposed on the elastic stress in the
hard Tayer produced the dashed elastic-plastic curves in Fig. 45.
At any stress, deviation toward larger strain corresponds to
plastic strain in the hard layer. The stress for 0.2 percent
strain deviation was measured and the force provided by the soft
layer was substracted. The remaining force divided by the area
of hard layer is taken to be the yield strength of the hard layer.
A similar analysis at fracture gave the fracture stress.

Although such analysis produced fairly consistent results in
600, 700, 800, and 900°F tempered samples, those tempered at
1000°F indicated very rapid hardening of the soft layer (or else
division of the soft layer into a hard and a soft constituent)
and could not be analyzed in this way. This approximate analysis
should err in the direction of underestimating the stress in the
soft layer and hence overestimating the strengths of the hard
layer. Table IV gives the results of this analysis. The hard
layer yield strengths and fracture strengths (except for the
1000°F tempered samples which could not be analysed) show consider-
able scatter but the magnitudes agree satisfactorily with the
"rule of thumb" that hardness is twice tensile strength and three
times yield strength. The amount of plastic strain in the hard
layer is also derived from this simple analysis and it appears to
be sufficient to allow satisfactory testing.

In the second series of tensile tests the standard tempering
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treatment at 1000°F (540°C) was used followed by subcooling and
tempering at 450°F (230°C) as illustrated in Fig. 38. The hard-
ness of layers of M4 and PS4 subjected to such treatment was

874 KHN for the M4 and 327 KHN for the PS4. The fracture stress
was measured on tensile bars like those in Fig. 7 except that
the center % inch long part of the reduced section was further
reduced to 0.1 in (2.5mm). As previously determined very little
plastic deformation occurs in these sampies. The results of the
tensile tests in this incomplete series are shown in Fig. 46.
The straight line illustrates the law of mixtures applied to the
strength estimated from the hardness values of the individual
layers and the points are not inconsistent with this line up to
about 50% hard layer. About this value the observed fracture
strength drops off. This is the behavior which was observed in
the model system and which had been predicted as due to elastic

crack jumping across the soft layers.

4.4 Conclusions.

e

On the basis of the limited data obtained, the tensile strength
of the M4/PS4 complexes appeared to follow the behavior expected,
i.e., a linear increase in strength with fraction hard layer up
to about 50% hard layer with no significant increase in strength
beyond that fraction. This puts the maximum strength at about
275 ksi (1.9 GPa) which is substantially less than the design
goal for 400 ksi (2.8 GPa).

The fracture toughness of the M4/PS4 complexes with constant
modulation repeat distance has been found to vary linearly with

fraction soft layer. This law of mixtures is hypothesized as
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due to the combined effect of the increase in the amount of
soft layer and the increase in the width of the soft layer. The
fracture toughness of the 50-50 M4/PS4 complexes is about
60 ksivin (65 MPaym) which is substantially less than the design
goal of 100 to 150 ksivin (110 to 165 MPavin).
The consistent and understandable behavior of the complexes which
have sufficiently weakly bonded layers is a significant accomplish-

ment of the project. The fact that the complexes do not achieve

the design goals is a notable failure of the project. This
appears to be due tc the extreme brittleness of the hard layers
at maximum hardness which iorced the use of lower hardness
levels in the hard layer. Had the strength been available in
the hard layers, the tracture toughness of the complex could

have been increased by adjustment of wavelength.
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Catalytic Properties of Surface Sites on Metals
and Metal Oxides and Their Characterization
by X-Ray Photoelectron Spectroscopy

SUMMARY

A. Technical Problem

The long range objective of this research pro