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I. GENERAL INTRODUCTION

This semi-annual technical report on the research program
entitled "Long Range Materials Research', covers the time June 1
through December 31, 1975. This program is composed of four
separate programs as follows:
1, Detection of X-Ray Radiation
2. 3Superplasticity and Warm Working of Metals and Alloys
3. Synthesis of New Types of Catalyst Materials

4. Development of Elevated Temperature Electrocrystallization
Techniques

Progress ir each of the subareas during this report period
will be described separately in the succeeding sections of this

report.,



IT. DETECTION OF X-RADIATION

C. W. Bates, Jr.

Associate Professor of Materials Science
and Engineering
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A. Introduction

The work during this period has been devoted to electron
paramagnetic resonance studies of ultrapure CsI and CsI(Na) and to
extending the measurement of the optical properties of these materials

down to liquid helium temperatures.

B. EPR Studies

All measurements were made on a Varian Associates EPR Spectro-
meter, E-112 E-Line Century Series. These studies were undertaken
to throw additional light on the temperature cycling luminescence
observed in ultrapure Csl. It appears that there is a strong corre-
lation between the temperature cycling luminescence and the appearance
of epr signals in these pure specimens. At room temperature before
temperature cycling there is no epr signal. After temperature cycling
to liquid nitrogen and back to room temperature, an epr signal which
1s observed at liquid nitrogen temperature is retained when the sample
is warmed back to room tempurature. The epr signal has two components.
One component is a single line with a g-value < 2, presumably due to
an F-center. The tentative assignment to an F-center is based on the
fact that it is isotropic with a g-value very close to that of the
F-center. The second component appears to be a hole-like or V-center,
based on its g-value being > 2 and the fact that it is anisotropic.
The crystals used in these experiments were single crystals with two
faces oriented along the (100) axis. It was not possible to ascribe
this Frle-center to Vk-centers as the structure was fairly complex.
2fter avpealing at about 200°C for 48 hours both signals disappeared

at room temperature, so one can attribute them to lattice deformations

of the host CsI. As a similar phenomena occurred during our luminescent

studies, it suggests that these centers are connected with the room
temperature - after cooling luminescence (RTAC) cbserved in this
system. The picture that is beginning to emerge is that in CsI
cooling to liquid nitrogen produces traps for both electrons and holes
which do rot release them ipon warming back to room temperature and
that: these centers are responsible for the luminescence observed at

roow temperature after cooling.

=
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C. Optical Measurements Down to Liquid Helium Temperatures

We have extended our measurements of optical absorption,
excitation and emission spectral down to liquid helium temperatures.
Excitation bands which were obscured becaise they were located in
regions of high absorption have all been resolved. The shift of the
absorpticn edge is linear with temperature from room to liquid helium
temperatures. The interpretation of all this data will be included in

our final report.
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A. Introduction and Summary

Our research has centered on plain carbon steels containing 0.8 to 2.3%
carbon (twelve to thirty-five volume percent cementite respectively). Steels
above 1,0%C and below 2.3%C have rarely, if ever, been considered for broad
industrial applications. During the past two years we have developed various
thermal mechanical processing procedures for developing particulate composites
l of cemencite 1in ferrite containing ferrite grains finer than one micron in size
I and cementite particles finer than 0.1lum. We were able to show that ultrahigh

carbon steels can be made superplastic (over 700% elongation has been achieved).
Furthermore, they can be made strong and ductile at room temperature. These
results suggest exciting pessibilities in the application of inexpensive steels
for many new structural applications.

Eutectold composition steels contain twelve percent cementite. Such steels
have not been made truly superplastic to data. In the past six months Mr. Sabri
Kayali has concentrated in trying to make an iron-carbon alloy and a steel of
eutectoid composition superplastic. By a cold working and recrystallization
treatment it was possible to obtain fine ferrite grains in the order of one micron.
Furthermore, these specially processed materials contained a large fraction of
high angie boundaries. Mechanical tests in the temperature range 600-700°C re-
vealed these materials to be superplastic, with the strain rate sensitivity
exponent equal to 0.5, and elongations as high as 400% (on thin samples) were
obtained. These results are described in part A of this report.

We have initiated a study on the consolidation of powders utilizing the
superplastic characteristics associated with fine structures. This subject is
the basis of a thesis by Robert Caligiuri and 1s described in part C of this
report. A few critical experiments were initiated to determine if hot pressing
could be accelerated by the presence of a fine structure in ultrahigh carbon in
lron povders. Thne results obtained were very encouraging and this aspect of

our work is described in part D of this report.
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B. Superplasticity of Futectoid Steel and an Iron - 0.8% Alloy
E. S, Kavalil

ABSTRACT

Superplasticity of a eutectoid steel and an iron - 0.8%C alloy was
investigated. These materials were spheroidized and made fine grained by
several thermal-mechanical treatments. Fine spehroidized structures of
cementite in 4 ferrite matrix containing ferrite grains and cementite particles
finer than one micron were obtained by warm working, but the grain boundaries
in this microstructure were a mixture of low and high angle boundaries. The
results of elevated temperature strain rate-stress and elongation tests showed
that the maximum strain rate sensitivity exponent (m) is about 0.3 for both
materials and the maximum elongations are about 150% and 200% fcr the Fe~0.8%C
alloy and the eutectoid composition steel respectively. Fine spheroidized
structures containing only high angle boundaries were also obtained by a cold
rolling and recrystallization process in both materials; the results of elevated
temperature tests showed that higher strain rate sensitivity exponents (m = 0.5)
and higher elongations (250-400%) are achievable in recrystallized structures
than in warm rolled structures. These results indicate the importance of the
type of grain boundaries in fine grained equiaxed structures on superplastic
deformation.

Metallographic studies on these materials before and after superplastic
deformation indicated that grain growth occurred during high temperature deforma-
tion. The grain growth rate was higher for the Fe~0.8%C alloy than the eutectoid
composition steel. This result indicates the importance of impurities (the
Principal impurities in steel are Si and Mn) in controlling grain size and
retarding grain growth.

INTRODUCTION

Many investigations have been made on the phenomenon of superplasticity in
recent years (Jchnson 1970; Davies, Edington, Cutler and Padmonabthan 1970:
Nicholson 1972; Alden 1975). rertain alloys are known to exhibit extreme
elongations when extended at high temperature. The large elongation values
observed have been associated with a high strain rate sensitivity’exponent (m)
expressed in the phenomenological equation o = Kém. where 0 is the flow stress,

K is a material constant for a given temperature, € is the strain rate. Studies
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on superplastic alloys have revealed that certain prerequisites are generally
required for superplastic behavior. These are: fine stable grains with equiaxed

* .
Structure’, and test temperature greater than half the absolute melting temperature.

* It is generally believed that fine grains permit extensive plastic flow by

grain boundary sliding, a :echanism which apparently dominates superplastic
deformation. (Geckinl! 1973; Dingley 1970)

Fine grained struétures generally cannot be maintained in single phase alloys at
high temperatures, and two phase materials are preferred for attaining superplasticity.
The presence of a second phase stabilizes the fine grain structure and prevents rapid
grain growth. An additional requirement for superplasticity is that the strength of
the matrix and second phase should be nearly the same at the temperature where super-
plastic deformation occurs.

Superplasticity is usually observed in eutectic or eutectoid alloys, because
these alloys can be spheroidized and made fine grained by appropriate thermal-
mechanical processing. Thus, superplastic behavior might be expected in iron-carbon
alloys of eutectoid composition.

Many investigations have been made on superplasticity associated withithe
allotropic transformation in iron and the eutectoid transformation in steel
(Sherby and Goldberg 1961; Clinard and Sherby 1964; Oelschlagel and Weiss 1966).

Some investigations have also been made on superplasticity in geyeral steels-in

the two phase region (Schadler 1968; Morrison 1968; Marder 1969; and Sherby, Walser,
Young and Cady 1975). Some investigators (Marder 1969; Yoder and Weiss 1972; Kasir
and Rosen 1969; Young, Bly and Sherby 1972) also studied superplasticity of eutectoid
steelsand found only limited success. Marder studied Fe-C alloys in tha composition
range from 0.2 to 1.0%C and observed a maximum strain rate sensitivity exponent

(m = 0.35) and a maximum elongation (98%) at the eutectoid composition. Yoder and
Welss found higher m values (m = 0.42) and higher elongations (133%) in theilr eutectoid
composition steel than did Marder. We believe the difference is primarily due to

the background impurity content of the steels studied. Marder's iron alloys only
contained carbon as an additive whereas Yoder and Weiss worked with conventional
eutectoid composition steel (0.45%Mn, 0.12%S1).

The purpose of this investigation on the eutectoid composition steel and

the Fe-0.8%C alloys are to examine: a) the effects of temperature, strain rate

N L
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and grain size on the tensile ductility of these materials; b) the effect of the
thermal-mechanical treatmeat (TMT) used to produce fine grained structure on these
materials [i.e., the effect of "MT on grain shape, nature of grain boundaries and
texture (styuctural anisotropy)]; c) the influence of manganese and silicon, the
principal impuri’ les in steel, on superplastic behavior; and d) grain growth
behavior ir these materials during high temperature deformation and its effect

o the test results.

MATERIALS AND EXPERIMENTAL PROCEDURES

TR e e W s i i i 2
* e B I O aTY T R

A near eutectoid composition plain carbon steel and an Fe-0.8C alloy have

been used in this investigation and the chemical compositions are given in Table 1.

Table 1
Chemical Compositions of Materials Tested (Wt pct.)

Material _C_ Mn S Mo Cu Cr Ni S P Fe

Eutectoid steel 0.75 0.75 0.24 <0.1 0.56 0.06 0.43 0.0l 0.012 bal.
Fe-0.8%C alloy 0.82 <0.01 <0.01 <0.01 <0.05 0.01 0.02 -—- - bal.

The eutectoid steel was received in the form of a 1 cm thick plate and the
Fe-0.8%C alloy was received in the ferm of a 2.5 em thick plate. Bon*h plates
exhibited microstructures consisting of fine pearlite. I
Two different thermal-mechanical processing techniques were developed to
obtain fine grained spheroidized structures in these materials. One of the methods
is by isothermal rolling at warm temperatures; the other method is by cold rolling
and recrystallization.
The eutectoid composition steel was warm rolled to a true strain of e= -2.76
at 500°C and the Fe-0.8%C alloy was warm rolled to a true strain of e = -2.0 at
550°C. Fine spheroidized structures were obtained with this warm rolling procedure
for both materials.
Another warm-rolling process was performed on the Fe-0.8%C alloy to obtain a
fine spheroidized structure. First the plate (the dimensions were 2.5 cm x 2.5 cm x -
7.5 cm) was homogenized at 1150°C for one half hour, then rolled continuously during }
cooling. True strain of € = -0.81 was achieved as the original casting cooled to
about 600°C. With further isothermal rolling at 575°C to a true strain of € = -1.52
a spheroidized structure was obtained. The microstructure of the alloy rolled with

this thermal-mechanical process, however, revealed elongated grains along the rolling
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f direction.

Fine recrystallized structures were obtained by a severe cnld rolling and
recrystallization heat treatment process. The Fe-0.8%C alloy, n:74inally warm
rolled at 550°C to € = -2.0, was annealed at 700°C for 10 minutes. The purpose
of this treatment was to reduce the dislocation substructure thus permitting large
amounts of cold working without cracking. After this heat treatment, the fine
spheroidized Fe-~0.8%C alloy was cold rolled at room temperature to various amounts
(50%, 65%, 75%, 85% reduction in thickness), then fully recrystallized at 500°C
for 150 hrs. Spheroidized and recrystallized fine grained structures (grain
sizes from 0.5um to 2.5um) were produced with this thermal-mechanical process.

A similar procedure was established for the eutectoid steel. Thus, the 1 em thick
eutectold composition plate was annealed at 700°C for 15 minutes (originally in
pearlitic structure) then cold rolled at room temperature to 75% reduction in
thickness. The cold rolled Plate was annealed at 700°C for 1 hr. to obtain a
spheroidized and recrystallized Structure. The structure was not fully spheroidized
after this heat treatment. Therefore further cold rolling (70% reduction) followed
by re¢rystallization (500°C for 125 hours) was performed and a very fine structure
was obtained (about 0.5um ferrite grains and about 0.2um cementite particles).

Longitudinal tensile specimens were machined from the rolled plates with
different gage lengths. One inch gage length specimens were used in change-in-strain
rate tests and 0.5 inch or 0.25Iinch gage length specimens were used in ductility
tests. All specimens were flat and had different thicknesses.

Elevated temperature tensile tests were performed on an Instron machine with
constant cross-head speed. The tests were carried out over a wide range of strain
rates (from 107> sec”! to 1072 sec™) and temperatures (550, 600, 650 and 700°C).

A dual-elliptical reflector infrared furnace was used with an electronic temperature
controller and the specimen was contained in an inert or reducing atmosphere within

a quartz tube during testing. Good temperature distribution along the sample length

was achieved using shields on the quartz tube. The temperature gradient was within

$0.5% of the desired temperature over a length of more than 3 inches for the duration
of the test.

|
.
L.

; Two different testing schemes were developed 1) change-in-strain-rate tests (or

differential cross-head speed tests) to establish the strain rate-~stress relations
and to determine the strain-rate sensitivity exponent (m) over a wide range of strain

rates. 11) Constant cross-head speed (decreasing true strain rate) tests to fracture
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to measure the tensile ductilities.

Stress relaxation tests were also performed during change-in-strain rate tests
and constant coss-head speed tests. 3train rate sensitivity exponent (m) values
were obtained from change-in-strain rate tests and stress relaxation tests.

Because of the difficulty of resolving very fine structures with optical
microscopy, electron microscopy was used. After polishing and etching with 2 pct.
nital, the surface was examined by replication using acetyl cellulose. The plastic
replica was shadowed with chromium at 35-45° and backed with a carbon layer. Thin
foils for transmission electron microscopy were also prepared from a surface parallel
to the rolling direction by hind polishing and chemical thinning in a solution of
5 pct. HF, 15 pct. H20 and 807 H202 to 0.015 cm. The specimens were then electro-
thinned in a solution of 15 parts Na2 Cr04, 7.5 parts CrO3 and 77.5 parts of glacial
acetic acid. The foils were examined at 100 kv in a Philips 200 electron microscope.
Grain size was measured using a line intercept method from electron-micrographs,
EXPERIMENTAL RESULTS AND DISCUSSION:

The results of tensilo tests and change-in-strain rate tests

The effective strain rate decreases with increasing strain during constant
cross-head speed testing. Therefore, constant strain rate (CSR) true stress/true
strain curves were calculated from constant cross-head speed (GCHS) tests using
the known strain rate sensitivity exponent. Such data are plotted in Figure 1
where one can observe the differences in deformation behavior when comparisons
are made under these two conditions of testing. Figure 1 shows the true stress/
true strain curves for the warm-rolled eutectoid steel and the warm-rolled Fe-0.8%cC
alloy for different cross-head speeds and temperatures. The true stress/true strain
curves reveal that the flow strese does not reach a steady state value but is a
function of the strain at a given cross-head speed and temperature. Strain hardening
is evident at all strain rates up to about 0.2 true strain. Grain growth occurred
during high temperature deformation of the materials studied. It is believed that
this grain growth leads to strain hardening. This strain hardening, of course, has

nothing to do with the accumulation of dislocations in the microstru-ture; such a pro-

cess 1s specifically absent during superplastic flow. These ideas will be described

1 in greater detail later.

| The influence of strain rate on the flow stress was obtained from change-in-strain
rate tests. There exists considerable controversy on the usefilness and interpretation

of change-in-strain rate tests in the literature (Rai and Grant 1975) especially if

|
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they were measured in the early stages of deformation where the structure is
changing rapidly (i.e. grain growth). The elevated temperature tension test

true stress/true strain curves show that maximum flow stresses are not achieved
until about 20-30% deformation. These considerations led to the development of

a testing scheme for change-in-strain rate testing. After reaching the test
temperature, a specimen is pulled at a low strain rate to about 20-30% deformation
to establish a more or less constant structure. Then the cross-head speed is
changed repeatedly with only a small increment of strain at each change. Figure 2
represents a typical curve for this type of change~in-strain rate test and a plot
of the log strain rate-log stress curve obtained from Figure 2 is shown in Figure 3.
As can be seen the strain rate sensitivity exponent (m) values are continuously
increasing with decreasing strain rate,approach m = 0.5 at the lowest strain rates
used (it is often assumed that true superplasticity in fine structures is achieved
when m = 0.5)

The effect of temperature on the c¢train rate~stress relation.

The effect of increased temperature is to increase the strain rate for optimum
superplasticity. An example is given in Figure 4 which represents the true strain
rate~true stress relation of warm rolled eutectoid steel (initial grain size ~0.5um)
at various temperatures (550, 600, 650 and 700°C). High strain rate sensitivity
was clearly evident at low strain rates. All the test temperatures were near or
above half the absolute melting temperature, [at 700°C, T/T, = 0.54;at 650°C,
T/T = 0.52; at 600°C T/T = 0.48; at 550°C, T/T_ = C.46; where T, = 1530°c].
Figure 5 is a plot of the strain rate sensitivity exponeut,as a function of strain
rate for the various test temperatures. It appears that m increases with increasing
temperature and the highest m values for all strain rates are obtained at 700°C. It
should be noted that the value of m for this material never exceeds 0.33 whereas
the ideal fine-structure superplastic material exhibits m = Q.5. Later, it will be
shown that the thermal mechanical treatment given this material leads to low angle
grain boundaries which we believe inhibits superplastic flcw. Nevertheless, the
data shown in Figure 5 indicates that higher m values can be expected at 650-700°C F
than at 550-600°C. For this reason, subsequent tests or. the materials investigated ]
were generally restricted to 650 and 700°C.

The effect of thermal-mechanical processing used to procuce fine grain structures
v the strain rate~stress relation.

It is generally believed that supernlasticity is enhanced by the presence of fine

i e Lo s il Rl o o T . PR T e ———
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equiaxed grains in a non-textured matrix. There are several methods which have
been used to obtain fine-grained structures. In this study, warm rolling and
cold rolling and recrystallization processes have been used to obtain fine
grained microstructures on both materials. The microstructures of the eutectoid
steel are shown as warm rolled (A) and as cold rolled then recrystallized (B) in
Figre € and the high temperature strain rate-stress relation for these two
processing conditions are given in Figure 7. The microstructures of the Fe-0.8%C
alloy as warm rolled (A) and cold roiled then recrystallized (B) are shown in
Figure 8 and the strain rate-stress relation for these two processing conditions
are given in Figure 9.

Trar.smission electron microscopy studies revealed that warm rolled structures
contain fine spheroidized cementite particles and a high density of dislocaticns in
tihe ferrite matrix (Figures 6A and 8A). Transmission diffraction studies also re-
vealed that the ferrite grain boundaries were a mixture of high and low angle
boundaries in the warm rolled structures. On the other hand, the microstructure
of the cold rolled and recrystallized structures of the eutectoid steel and the
Fe-0.8%C alloy contair.s fine spheroidized particles and dislocation free fine
equiaxed ferrite grains (Figures 6B and 8B). These fully recrystallized structures
contain only high angle boundaries (i.e. no subgrain boundaries were observed).

It 1s very clear from Figures7 and 9 that cold rolled and recrystallized struc-
tures of the eutectoid steel and the Fe-0.8%C alloy are more rate sensitive (m = 0.5)
than warm rolled structures (m =~ 0.3) at low strain rates. Tests taken to fracture
also showed that higher elongations (250-400%) are achievable in cold rolled and
vecrystallized structures than in warm rolled structures (150~-200%). These results
can be relatei to the importance of the type of grain boundaries on superplastic
deformation. Since grain boundary shearing appears to dominate the deformation
process during superplastic flow, the nature of the grain boundary would be an
important consideration. In studies on bicrystals, thc e2se of grain boundary
sliding has been shown to increase as the misorientation of the bcundary increases
(Rhines, Bond and Kissel 1956). These observations fit in well with the results
of this study. Thus, the high strain rate sensitivity exponent observed for the
recrystallized steels can be attributed to the presence of high angle boundaries
which would contribute to a large amount of grain boundary shearing. On the other

hand, the warm rolled steels exhibit only moderate values for the strain-rate
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Figure 6. The mi
S0C°C o truem;ct::z?;rchzture of a eutectoid steel, (A) as warm rolled at
€ = 2.76, and (B) cold rolled then recrystallized
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Fig?re 8. The microstructure of an Fe=~0.8ZC alloy, (A) as warm rolled at
550°C to a true strain of € = 2.0 and (B) cold rolledi then recrystallized.
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sensitivity exponent, which can be attributed to the presence of a large fraction
of low angle boundaries and therefore a correspondingly small ontribution to grain
boundary shearing. It is believed our results are the first to show that the
nature of the grain boundary is an important variable in superplastic flow.
Another difference between warm rolled structures and recrystallized struc-
tures of the materials used in this study is that warm rolled structures were
equiaxed but banded* (1.e. coarse and fine structures were obtained along the
rolling direction). Such structural anisotropy was obvious for all warm-rolled
structures, but recrystallized structures were equiaxed and isotropic. Micro-
structural examinations after deformation revealed that superplastic deformation
tends to destroy structural anisotropy, the deformed structure becoming nearly

isotropic.

* Bands are metastable and therefore according to Russian investigators they may
be important in superplastic flow (Underwood 1962). It is difficult to determine
the effect of banding per se since heat treatments which reduce banding also tend
to increase grain size. Cold rolling plus recrystallization eliminates banding
and an 1isotropic structure is produced. Isotropic structures produced by cold
rolling plus recrystallization might enhance high elongations and high strain

rate sensitivity, possibly by leading to the presence of high-angle boundaries.

Warm roiling, preceded by hot rolling, also has been used to obtain fine
grained structure in the Fe-0.8%C alloy. 1In this case, however, the microstructure
revealed elongated grains along the rolling direction. Comparison of the elevated
temperature strain rate-stress relation of the materjal with elongated grains
(hot and warm rolled) with material consisting of equiaxed grains (warm rolled)
for the Fe-0.5%C ailoy 1s given in Figure 10. As can be seen a low value of m
is observel for the elongated grain structure for all strain rates (m = 0.15)
but the equiaxed structure shows fairly high strain rate sensitivity at low strain
rates ( m = 0.3). These results show that the elongated grain structure does not
show any superplastic hechavior and indicates that fine equiaxed structure is
necessary for the existence of superplasticity in Fe-C alloys in agreement with
previous results on superpiastic zlloys (Marder 1969).

The effect of impurities on erain growth during superplastic deformation.

Because superplastic deformation of ultrafine grained materials involves con-
siderable holding time at high temperature, grain growth car be expected to occur.
Grain growth behavior during superplastic deformation has been studied for various
superplastic alloys (Franti and Wilsdorf 1975; Lindinger, Gibson and Brophy 1969;
Clark and Alden 1973; Walser and Sherby 1975) and the rasults of these studies

revealed that grain growth usually occurs at an enhanced rate during deformation.

"""“:’5
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Microstructural studies of our samples after deformation also revealed that grain
growth occurred and it is definitely enhanced by concurrent deformation. Comparison
of the grain size between the deformed region (gage) and undeformed region (grip) of
all samplec after superplastic deformation showed that the deformed regions have
larger grain.size than the undeformed regions. These results can be seen in Figure 11
which shows the microstructures of the eutectoid steel before and after high temper-
ature deformation. Similar photomicrographs are shown for the Fe-0.8%C allcv in
Figure 12.

It 1s very difficult to calculate the average growth rate during superplastic
deformation because there are many variables which affect the growth rate. The work
of several investigaiors would suggest that the grain growth rate (J) = f (T,t,é E,Li)
where T is the temperature of test, t is the time of test, € is the strain rate, € is

strain and L, is the initial grain size.

i
In crder to determine the effect of impurities on grain growth behavior of the
eut2ctoid steel and the Fe-0.8%C alloy, a grain growth raste analysis was made on

both materials and the data are listed in Table 2.

Table 2
Grain Size and Grain Growth Data

i i i . Time of test Total time
Material  Test # “initial “grip “gage T(°C) e(min~3) t (min) t (min)* total
Eutectoid 57 0.6 1.2 1.8 700 0.8% 394 424
Steel
Fe-0.87%C 61 2.2 3.3 5.5 700 0.8% 313 343
Alloy
* ttotal = time of test (t) + annealing time (30 min) before start to test
growth rate during growth rate during
dynamic annealing static annealing
L -L L -L
' I o] gaget grig](um/min) J cc[Agrti:.p initiall(um/min)
Material total
Eutectoid Steel 0. 00152 0.00142
Fe-0.8%C Alloy 0.00703 0.00321

In this analysfs, the average grain growth rate (J) 1is usually assumed to be

proportional to (Liro), following the analysis of Lindinger, Gibson and Brophy,
where L, is the final grain size, LO is the initial grain size and t is the time of

i bt e et it T O P
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test. It should be emphasized, however, that J 1s a function of strain and
therefore the discussion that follows is correct in .+ qualitative sense only.

The growth rate during dynamic annealiag (high temperature deformation) was
Lgage = Lerip
3 d

modified from the analysis of Lindinger et al. by using J «

The grain growth rate during static annealing was calculated using J m,fgrip - Linitial_

t
Comparison of the grain growth data of the eutectoid steel with the Fe-0.8%C

alloy, given in Table 2, shows that the grain growth rate of the Fe-0.87%C alloy is
higher than the eutectold steel. This result can be attributed to the presence ot
impurities in the eutectoid steel such as Mn, Si and Ni. These impurities control
grain size and retard grain growth which-in turn results in betier superplastic
behavior in the eutectoid steel. Comparison of the grain growth rates during dynamic
annealing of both materials with growth rates during static annealing, given in

Table 2, also shows that growth rate is enhanced during deformation.

.o T
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C. Powder Consolidation Under Superplastic Conditions
R. D. Caligiuri

The purpose of this research has been to propose and demonstrate a method
of accelerating the sintering process by taking advantage of the unique pro-
perties of superplastic materials. Specifically the method utilizes the low
flow stress (i.e. weakness) of superplastic materials at warm temperatures.
This permits easy flow into pores and results in high densification. The
advantages here are immediately obvious. First, since superplastic behavior
is observed at warm temperatures, full densification of powder metallurgy parts
can be achieved at temperatures much lower than those required for conventional
sintering. Second, since the superplastic structures exhibit much higher creep
rates at low flow stresses, densification can be achieved at pressures much lower
than those required tor conventional hot pressing. Third, the final compact is a
fine grained product which is generally a desirable structural feature for low
(normal) temperature applications.

The above ideas form the basis of this research program on superpiastic hot
pressing. A literature search revealed superplastic hot pressing to be a novel
idea. Powder metallurgy techniques have been used in the past to produce super-

plastic materials specifically IN-100 superalloy(l)

, but no one to our knowledge
has attempted to use superplastic characteristics to enhance the densification
process itself.

Figure 1 gives an outline of the current research program. Although the
concept of superplastic hot pressing is applicable to all systems that exhibit
superplasticity, we have restricted ourselves to ferrous based powders for two
reasons: 1) we already have accumulated extensive knowledge about superplasticity
in the iron-carbon system from earlier work here at Stanford(z’a) 2) ferrous based
powders are relatively inexpensive, easily obtained, and simple to work with.

The only real requirement a material must meet before it exhibits the weakness
characteristic of superplastic systems is that it must have a high strain rate
sensitivity exponent (m = 0.5)(4-7). As outlined in Figure 1 this high m value
can be achieved in one of two ways. One method is to prepare a material which

(4=7) (classified as fine structure superplasticity).

contains a fine structure
The second method is to develop internal stresses of sufficient magnitude during

plastic deformation (classified as internal stress superplasticity). The conditions
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necessary for fine structure superplasticity are described in the third section
of this report. The second method, involving internal stress, ca: be obtained

(8 or by cycling

by cycling pure iron powders through the o < Y transformation
0.87%C steel powders through the eutectoid transformation. Such transformations
will introduce strains from volume changes which in turn develop internal stresses
(Gi). If thermal cycling is carried out under constant load creep conditionms,

(9 that the strain rate sensitivity exponent will be affected

then it can be shown
by the internal stresses according to:

+
miso(oa oi)

m ==
(o]
cy o,

Where Meye is the strain rate sensitivity exponent under cyclic conditions,

Moo is the exponent under isothermal conditions, and Oa is the applied stress.

If Gi is large enough (0i x 203), then mcyc will approach 0.5. The powders at

this point will be very weak and should densify readily. It is expected that much
of the next six months will be spent studying iiternal stress superplasticity and
its application to ferrous powder metallurgy. Since research to date has dealt
only with fine structure superplasticity. however, the rest of this progress report
will deal only with this subject.

How can a fine structure be introduced into a powder? There are two basic
methods. The first method involves liquid or gas atomization wherein liquid
droplets are cooled rapidly by a liquid or gas medium. The impurities in the
liquid present many nucleation sites for austenite grains and cementite particles.
Furthermore, the cooling rate is so fast that the fine austenite grains will
transform to a fine structure which will not have a chance to grow. This results
in a fine structure at room temperature. White cast iron powders (2.6%C) produced
by such a liquid atomization process were obtained and studied extensively. The
results of this study, along with more detailed information on the relation between
fine structure superplasticity and powder metallurgy, are described in the next
section. Quantities of 1.247%C and 1.6%C liquid atomized high carbon powders have
recently been obtained from A. O. Smith Inland, Inc. and International Nickel, Inc.,
and are presently being studied. Results should be available within the next few
months.

The second method of producing fine structures in powders involves the use
of the attritor. The attritor 18 a commercially available device which, among

other things, pulverizes material into fine powder form. With the attritor we can
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attrit bulk material into powder form. We thus have the capability to run a
controlled experiment: 1) take bulk material dand process & portion of it in such
a manner that it consists of a fine structure and another portion processed in
such a manner that it consists of a coarse structure; 2) attrite both the coarse
and fine structure material identically into powder form; 3) hot press both types
of powder for the same amount of time at the same pressure and temperature. If
the fine structure powders develop a higher density than the coarse structure
pcwders it is likely due to the weakness characteristic of the superplastic fine
8tructure since all other variables are equivalent between the coarse and ‘lne
powders.

Based upon earlier work here at Stanford(2’3), the ideal choice for bulk
material for such an experiment is ultrahigh carbon steels. High carbon steels
can be made super weak at warm temperatures by warm rolling operations. We
obtained a 1.6%C casting which contained the microstructure shown in Figure 2a.

Note the massive cementite interwoven in the ferrite -atrix. The as-cast material,
then,is an example of a material containing a coarse structure. A fine structure
was developed in the casting by the following procedure. The casting was annealed
at 1100°C to dissolve all the cementite. It was then rolled continuously as the
material cooled to 750°C. Further warm rolled at 550°C to a strain of € = 2.0
lead to a microstructure as shown in Figure 2b. Note how the cementite has been
broken up into very fine (3 lum) particles with ferrite grains in the order cf
1-5um. Previous wotk(2’3) indicates such a microstructure should be superplastic
at warm temperatures (600 to 700°C). This is indeed the case. Mechanical testing
glves a strain rate sensitivity exponent of about 0.45, in close agreement with
earlier work (Figure 3).

This warm worked sheet was then milled into chips 0.12 inches long and 0.010
inches thick. These chips were then attrited dry at 360 RPM for 10 hours. The
remaining portion cf the casting (ccarse structure) was similarly milled and attrited.
Both sets of powders were then hot pressed at 650°C and 10,000 psi. The results
were plotted as density versus time of hot pressing and curves for both powders are
shown in Figure 4. The density scale is given as percent of theoretical density.

The results reveal that the fine structure powders are more dense at any given
time than the coarse structure powders. This difference in density can only be

related to the degree of structural refinement because all other parameters are




Figure 2a. Microscructure (at 1800X) of the 1.6%( casting prior to warm
rolling. Note the massive proeutectnid cementite structure interwoven in
the ferrite matrix. This is said to be a verv coarse structure,

Figure 2b. Microstructure (at 1800X) of the 1.6%C casting after annealing
at 1100°C, Yy working between 1100°C and 750°C, and o working at 550°C.
Total final strain was r = 2.0. Note that the cementite is now in a fine
spheroidized form, with occasional larger Precipitates which did not break
up during warm rolling.
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the same. Since the fine structure material was shown *o be superplastic at the
temperature and stress of hot pressing (Figure 3), the difference in dersity can
further be attributed to the character!'stic weakness of superplastic materials
which permits easy plastic flow into existing pores. That is to say, "superplastic
hot pressing' appears to be a real phenomenon.

Figure 5 shows the effect of increasing the compacting stress to 20,000 psi
on the difference in density between the two types of powders. The fine structure
powders are still more dense, but the difference is not as large as at 10,000 »si.
This can possibly be attributed to the fact that the difference in creep rates
between the two types of materials is not as great at 20,000 psi as it is at
10,000 psi. 1In addition, both density-time curves shown in Figure 5 are shifted
upwards because the overall steady state creep rates of both materials increases
as stress increases.

There are still many unanswered questions. What effect does temperature have
on the density-time curve? How can we be certain power law creep is the controlling
densification mechanism? Perhaps the fineness of the structure acts to enhance
diffusion, and the higher density is due to increased diffusion and not to the
weakness assoclated with superplasticity. Can a mathematical model be developed
which will describe the densification process? These and other questions will be

considered in detail during the next six months. 4
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D. Superplastic Hot Pressing of White Cast Iron™

R. D. Caligiuri, R. T. Whalen, 0. D. Sherby

ABSTRACT

A new method of sintering high carbon ferrous powders using hot press
techniques is described. We designate this process as '"superplastic hot
pressing”. This technique utilizes the exceptional weakness of superplastic
structures, permitting the production of dense compacts at low temperatures
and pressures. White cast iron powcders (2.6%C) are hot pressed in air for 2 - 5
hours at 69 - 193 MPa (10,0C0 - 28,000 psi) and 600 - 700°C (1112 - 1292°F)
into compacts 90 to 99% dense. The mechanical properties of this hot pressed
material are shown to be commensurate with as-cast white cast iron (a fracture
strength at room temperature of 1241 MPa (180,000 psi)). Strain rate change
and stress relaxation tests on éhe hot pressed white cast iron at 650°C revealed
it to be highly strain rate sensitive (m = 0.3 in 0 = Kém) suggesting that
sintering by superplastic type flow mechanisms occurred. It is predicted that
a finer structure than that developed in our cast iron powders would lead to
m = 0.5 (ideal superplacstic state) and therefore would result in ideal super-

plastic hot pressing.

— p— " - -_— ——————— e ———— o

* This portion of the PTrogress report was submitted to the International Journal ’
of Powder Metallurgy and will appear in a forthcoming issue.
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INTRODUCTION

The purpose of this paper 1s to propose and demonstrate a method of
accelerating the sintering process by taking advantage of the unique pro-
perties of superplastic materials. It is our contention that powders containing
superplastic microstructures can be readily hot pressed at warm temperatures
\warn 1s defined as 0.4 to 0.65Tm where Tm is the absolute melting temperature)
under small externally applied pressures. Some of the basic principles that
relate to the development and understauding of superplastic materials will
be described. These principles will be used to illustrate how powders with
such fine structures should have unique characteristics during hot pressing.
The ideas presented will then be applied to an experimental study of super-
plastic hot pressing of white cast iron.

(1-

Superplastic Alloys - Studies in recent years 4) have revealed the prere-

quisites needed for superplastic behavior. These are: high strain rate
sensitivity* and fine stable grains with equiaxed structure {grain size in
the order of 1 to 10 microns). High strain rate sensitivity is achievable

6 4 Sec-l),

at warm temperatures (0.4 to 0.65§m) and low strain rates (10 ° to 10
and fine grein materials can be stabilized by the presence of a second phase.
Another important requirement for superplasticity is that the strength of the
matrix and second phase should be nearly the same at the temperature where
deformation occurs. Superplastic flow is characterized by high tensile ductility

and very low strengths. The latter property, that of low strength, 1is important

* Strain rate sens}tivity is measured by means of the flow stress (0)~ strain rate
(¢) relation o = Ke™ where m = strain rate sensitivity exponent and K is a material
constant.(152§erplastic metallic alloys generally exhibit m values in the range

0'3 - 0.6 = .
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for its potential usefulness in hot pressing.

Accelerated Sintering by Superplastic Flow - Figure 1 illustrates the two types

of powders which should be amenable to superplastic hot pressing. Iigure 1A
11lustrates relatively coarse powders which, however, are prepared in such a

way that they contain fine grains in them. Such structures may be attainable
during normal atomization of many materials especially those that contain
alloying elements and impurities; thus, the presence of a second phase could
provide the nucleationisites for grain growth during atomization or during heac
treatment after atomization (IN 100 powders are an example of such = naterial(s)).
Another method of obtaining fine structures is by splat cooling(6). Powders
consisting of fine, equiuxed mtructures should be extremely weak at warm tempera-~
tures and low applied pressures and should fill the pores readily. The mechanism
of densification here would be by boundary shearing of the grains within the particles,

a mode of deformation which apparently dominates the superplastic flow pr0cess(7-9).

Oftentimes it is difficult to prepare medium size powders (i.e. 50-100 microns)
with fine grain structures within them. In order to superplastically hot press
such pouders it 1s necessary to refine them into smaller sizes (1 to 10 microns);
one common nethod is by means of the attritor thch simply mechanically com-
minutes powders to virtually any desired size. Thus, powders such as those sketched
in Figure 1B should readily bond and sinter under warm temperatures and low pressures
to high densities.

A major advantage of "superplastic hot pressing" in ferrous-base materials is
that only warm temperatures would be needed to obtain high densification. Thus
oxidation, a major problem in sintering of iron base powders, would be minimized
during hot pressing at 550-700°C (1022-1292°F),a temperature range where super-

(10-11)

plastic flow is known to occur . It is even fearible to consider hot pressing

without a protective atmosphere at such temperatures. Another advantage of warm
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Figure 1. A schematic illustration of two types of powders which should be
amenable to superplastic hot pressing. (A) Illustrates powlders of normal size
containing a fine structure (about 5 microns) within each powder and (B)
illustrates powders of a size on the order of 5 microns. Uoth powders shculd
hot press readily at werm temperatures due tc ease of superplastic flow by

boundary shearing.
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temperature pressing  is that grain growth will not be excessive under such
conditions.
MATERIALS
The choice of material for investigation requires that it have superplastic
characteristics. With the exception of a special grade of stainless steel(lz),
the only known ferrous material that exhibits suprrplastic properties are ultra

(11). These steels contain J.3 to 1.9%C (a range which lies

high carbon steels
between and overlaps ordinary high carbon steels and cast irons) and have been
shown to be superplastic when contairing a fine grained structure. High strain

rate sensit:vity exponents of m = 0.4 to 0.6 were observed. The fine structures
were obtained by a aumber of different methods; a common one involved extensive
warm working of the original casting to develop a fine spheroidized structure

with accompanying fine grains (0.5 to 1.5um). The high volume fraction of cementite
contained in the 1.3 to 1.9%C steels' (20 and 29 volume percent respectivel;) does
not lead to brittle tendencies at warm temperatures since cementite exhibits high
plasticity #t these temperatures(13).

The most logical choice of powders for the proposed surerplastic hot pressing
experiments are those based on the above mentioned ultra-high carbon steels. Such
powders are not available commercially. It was, however, possible to obtain a
white cast iron containing 2.62 carbon (40 volume percent cementite). This powder,
screened out at 70um, was donated by Cleveland Metal Abrasive Co., of Cleveland,
Ohio (courtesy of Dr. Jjohn Vaselin of Wheelabrator-Frye Co, of Mishwaka, Indiana).
The powders were atomized from the liquid state and were considered to contain a
fine structure of cementite in a fine ferrite matrix. It was therefore decided to
use the cast iron powders in the as-received state.

EXPERIMENTAL METHODS

The experimental work consisted of three distinct phases: the production of

compacts, mechanical testing, and metallography and density calculations.
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Compact Production - The P/M processes by which dense material was produced

from the cast iron powders are now described. The compacts were produced by

"hot pressing" technique(IA_ls). That is to say, densification was

e;sentially a
the result of simultaneous application of temperature and pressure. However, our
method differed from conventional hot Pressing in two distinct ways: (1) the powders
were poured directly into a cold 3.81 cm bore die and heated to the temperature of
testing without the benefit of a Drotective atmosphere; (2) the temperatures and
pPressures employed were well below those normally associated with the hot pressing

(21’22). Compaction loads were applied with a 267KN (60,000 pound)

of cast irons
capacity Riehle testing machine.

Mechanicul Testing - The purpose of mechanically testing samples cut from the

compacts was two-fold: determination of room temperature mechanical properties and
computation of strain rate sensitivity exponents (m) at 650°C (1202°F). All testing
was done in compression on a 44.5 KN (10,000 1b) capacity Instron, model TTCL.
Specimen size and shape were limited by the compacts to square cross-section, .343cm
(0.135 inches) wide and .508cm (0.200 inches) long. The compact size precluded any
tensile testing. In order to simplify analysis, all mechanical testing was done on
samples cut from the same compact which was hot pressed to a density of 97% in two
hours at 650°C (1202°F) and 193 MPa (28,000 psi).

Strain rate sensitivity exponents at 650‘? (1202°F) were determined by two
basic methods: changes in strain rate and stress relaxation. Explicit detail of m
calculations by both techniques are given elsewhere(l-A’lg) and will not be dis-

cussed further here.

Metallography and Density Measurements - Samples were prepared metallographically

by cutting, mounting in bakelite, grinding, polishing, and etching in a 2.5% Nital
solution for 5 seconds. Samples were examined under a Lietz microscope (50X to

1000X and photographed through a polaroid camera attachment. High magnification

Lmu—g.._-._.ia‘._ Bl s i
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surface studies were made using standard scanning electron microscopy techniques.
Density measurements were made by the "weight in water-weight in air" method.
The compact is first weighed dry and then weighed while immersed completely in

water. The density was calculated from the following:

pcompact = wdry - Mw

(1)
et

where pHZO is the density of water corrected for temperature. The weight wet is
corrected for the weight of the supporting basket.

The calculation of the theoretical density of white cast iron was based upon
the fact that our cast iron contains 2.6% C which converts to 40 volume percent
cementite and 60 volume percent ferrite. Since the density of cementite is 7.40
gm/cm3 and the density of ferrite is 7.87 gm/cm3, a simple proportional calculation
gives the maximum density of white cast iron as 7.68 gm/cm3. From chemical analysis,
however, th2 powders are known to contain 1.3 wt? Si. The density of silicon is
2.3 gm/cm3 and assuming that all of the silicon is in solution, it is readily
calculated that the maximum density of our white cast iron is 7.47 gm/cm3. This
value, of course, is only approximate and th’s should be kept in mind when consider-

ing the percent dense values giver. in Figure 2.

RESULTS AND DISCUSSION

The experimental results of this research ::re given in Figures 2-5. Figure 2
summarizes éll the different compacts proluced as to previous mechanical treatment,
time, temperature, stress of hot pressing, and the resulting density. This graph
exhibits several general trends: (1) the higher the stress and temperature of hot
pressing the higher the resulting density; (2) longer times increace the density
only up to a certain limit ~ that is, a compact may achieve its maximum density
in 2 hours with no change in density beyond that time; (3) high densities (>90%)

are observed at temperatures between 600 and 700°C (1112 and 1292°F) and pressures
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Figure 2. A summary of the experimental work done on 2.6%C white cast iron.
The stresses are the applied stresses during hot pressing. The state rofers
to whether or not the particles were ground by hand in a mortar and pestle
prior to hot pressing.
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petween 69-193 MPa (10,000 - 25,000 psi); (4) grinding of powders by mortar and
pestle, prior to hot pressing, gave higher densities than without such grinding.

Figure 3 gives the results of the strain rate change tests for determination
of m values. Twelve different c~anges in straln rates from two different tests are
shown. A slope calculated from the mean values ylelds an m value of 0.31. Data
from four different stress relaxation tests indicated an m value of 0.30, in close
agreement with the change in strain rate tests. These are high values for the
strain rate senaitivity exponent and are typical of the low end of values for
superplastic materials quoted in the literature(l-a).

Figure 4 shows the microstructure of a compact hot pressed to a density of
95% at 702°C (12¢6°F) and 69 MPa (10,000 psi) for 5 hours. Figure 4A, taken at
200X, demonstrates the low degree of porosity attz.ned; on the average, the pores
are widely spaced and luss thsn 50um in diameter. Figure 4B, taken at 1000X, shows
a somewhat fine structure interspersed in a netwerk of massive cercntite. At room
temperature, material compacted to 97% dense exhibited & hardnes: of 39Rc, a frac-
ture strength in compression of 1241 MPa (180,000 psi), and 2 compiession ductility
of 4.7%; these results are comparable to as-cast white cast irov{’ ‘ Our hot
pressed material can thus be consideied to b« . .l bonded.

The regions of fine structure shown in Figure 4B are further examined ia the
scauning electron micrograph shown *n Figure 5. As shown in Figure 5 (taken at
5000X), the fervite grain size (recessions) appears to be 2um and the cementite
structure (protrusions) is on the order of lum. Tals fine cementite and ferrite
structure is well within the range required for superplasticity in ultra high

carbon steels(ll).

Sauerwald and Kubik(ZI) hot-pressed white cast iron 2t 370 MPa (54,000 psi) for

30 seconds at 800°C (1472°F). They reported a very porous compact, less than half
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Figure 4. Photomicrographs of a compact hot pressed 95% dense at 69 MPa
(10,000 psi) and 702°C for 5 hours. (A) At 20CX, shows the pores tc be
small and widely spaced. (B) At 1000X, shows a lack of pores even at high
magnification and reveals the microstructure to be one of reglons of fine
8tructure broken up by a network of masslve cementite.




Figure 5. A scanning electron micrograph taken at 5000X detailing
the fine structure observed in Figure 4B. Note that the ferrite
grain size (recessed regions) appears to be 2im and the ceumentite
structure (protruding regions) is on the order of lum. Not shown
is the massive cementite network surrounding such regions of fine
structure.
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(22)

as hard as the original material. Jones reported a density of 6.3 gm/cm3 (807

dense) when he hot pressed powdered gray cast iron (3.16%C) at 800°C (1472°F) and
124 MPa (18,000 psi). Furthermore, recent experimental and theoretical work(15’23—25)
has revealed that densification by hot pressing at high temperatures and pressures
is primarily the result of plastic flow through dislocation glide. Specifically,
it can be concluded that the primary mechanism of densification in cast iron above
800°C (1472°F) is plastic flow by dislocation glidg. However, comparison of the
results of Sauerwald and Kubik and Jones with the data reported in Figure 2 of this
paper strongly suggests that a different mechanism of densification is operating in
the 600-700°C (1112-1292°F) range for the atomized powders studied. We believe that
the mechanism is that of mass flow of matter by grain and interphase boundary shearing.
We term this new mechanism as "superplastic hot pressing” and suggest the following
observations to support this concept.

First, the 2.6%C white cast iron does exhibit superplastic characteristics.
An m value of 0.31 is high, well above the norm of 0.15 to 0.2 found for ferrous

(26) i :
. The high strain rate sensitivity

materials tested at 600-700°C (1112-1292°F)
exponent obtained is consistent with the fine structure observed in the cast iron

(Figure 5). Ideally superplastic materials exhibit m = 0.5, however, and it is !
likely that this high value was not obtained in our study because of the presence

of massive cementite regions in the structure (Figure 4B). It is our contention

that powders of cast iron containing cnly fine structures (as in Figure 5) will :

lead to 100% densification at lower pressures and temperatures than used in this

investigation.

Second, the r:lationship between the material's superplastic nature and the
densification mechanism is demonstrated by the fact that even grinding the 70um
powders by hand in a mortar and pestle (thereby refining the structure and enhancing

the superplastic response) increases the density of the final product (cf. Figure 2).

i SRR R L
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Thus, particle and grain refinement leads to greater ease of densification in
agreement with the expected enhancement of superplastic flow by & decrease in
grain size. It may be argued that refinement of the particles simply increases
the surface are; of contact, thereby accelerating the diffusional bonding pro-
cess. As an initial attempt to answer this question, a sample of the 2.6%C
white cast iron powders was ground by hand in a mortar and pestle. One-half
of the powders was hot pressed at 650°C (1202°F) and 193 MPa (28,000 psi) for
two hours and the other half simply placed in a sinterirg furnace at 650°C
(1202°F) for three hours with a protective atmosphere. The resulting hot
pressed compact was 977 dense and the sintered compact was only 797 dense.
Although this experiment suggests rejection of the diffusion bonding from an
increased surface area argument, further research on this and other points
(including the application of superplastic hot pressing to HIP equipment) is

currently in progress.*

* After preparation of this paper for publication, the authors became aware

of a very interesting patent by Volin et al.(27)., This patent, entitled "Thermo-
plastic Prealloyed Powder", describes a process by which strain energy is introduced
into superalloy powders, specifically IN-100, by means of an attritor. These attrited
powders were hot pressed at 1900°F to 99% dense and then the hot hardness was measured
as a function of temperature. Unattrited powders were similarly hot pressed at 1900°F
to 99% dense and the hot hardness measured as a function of temperature. The compact
made from attrited powders exhibited a much lower hardness at a given high temperature
than the compact made from unattrited material. Volin et al. state that the attriting
action introduces large amounts of strain energy into the powders which in turn induces
recrystallization upon heating. A fine gamma prime precipitate apparently maintains

the fine recrystallized grain size throughout hot pressing. The authors state that

the presence of fine grain size contributes to the ease of densification. We agree
with this analysis and specifically would like to suggest that densification with the
attrited powders occurred by superplastic flow mechanisms in the following way. The
attrited powders could be like those sketched in Figure 1A prior to application of

the load and hence could have superplastically hot pressed to the reported density

of 99%. Or, the attriting action could have refined the particle size to such a degree
that powders like those sketched in Figure 1B (although more in the form of flakes)

were produced and superplastic fiow occurred during hot pressing. The limited mecharical
property data reported by Volin et al., however, suggest that the attrited and compa-ted
IN-100 does not exhibit high values of the strain-rate sensitivity exponent (m = 0.15).
These results would imply that greater ease of densification through superplastic flow
is possible if structural features were developed in IN-100 such that higher strain-rate
sensitivity is obtained.
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SUMMARY AND CONCLUSIONS

This research has proposed a mechanism for the hot pressing of cast iron powders
to high densities at low temperatures and pressures by taking advantage of their
superplastic characteristics in the warm working range (600-700°C) (1112-1292°F).

The possible existence of such a wechanism has been demonstrated in the hot pressing

of 2.6%C white cast iron powders. The results we have presented suggest that "super-
plastic hot pressing' is a possible means of accelerating sintering although additional
studies are needed to prove the quantitative feasibility of this concept. However,

no matter what the mechanism turns out to be, we believe the production of a ferrous
material 90 to 99% dense by hot pressing powders, without a protective atmosphere,

at 600-700°C (1112-1292°F) and 69-193 MPa (10,000-28,000 psi) to be remarkable in

itself and worthy of further study.
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A. Synthesis of New Types of Catalysts Materials

J. P. Collman

1. Introduction

Contained in this report are summaries of three activities
we have in the area of catalyst materials: a study of silica
bonded heterogeneous-homogeneous catalysts. studies of group V
dichalcogenides as catalyst supports, and the preparation of face-
to-face (cyclophane) porphyrins. These three seemingly diverse
subjects are a part of a general theme whereby we are trying to
prepare new catalyst materials--for use in classic catalytic
hydrogenation and as catalytic electrodes. The work on silica
is directed towards the development of immobilized mononuclear
catalytic centers in a material which is chemically inert and
has a very high surface area. This project has been frustrated
by synthetic difficulties which have no precedent in the
chemical literature since this represents the first attempted
synthesis of a chelating silated bis phosphine. The srcond
topic, the group V dichalcogenides, deals with attempt: to
place catalytic centers on molecular dispersions of th:se highly
conducting substances. The third topic is an attempt :0 make
specific binculear catalysts in order to promote multi-electron
redox reactions--ultimately to be applied to a high conducting

surface acting as an electrode.
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Chelating Silica-Bonded Ligands (K. Neuberg)

Introduction.

For some time we have been interested in preparing
catalysts in which the active centers are discrete transition
metal complexes anchored on a silica support. One of the
difficulties in preparing such catalysts has been that during
preparation or under the reaction conditions of a catalytic
experiment some of the complexes lose their integrity and the
metal atoms aggregate into active clusters. To overcome this
problem a very stable surface complex is needed. With this in
mind we have been attempting to synthesize bidentate ligands
which can be covalently bound to the silica surface. A support
functionalized with these chelating groups should coordinate
transition metals more strongly than a silica functionalized
with monodentate ligands.

Silicas of the latter type have been prepared in this

and by others3’4. The approach for a diphenylphosphino

1,2
group

ligand is shown in eq. 1 and 25. Unfortunately, this route

(MeO) ;SiCH = CH, + HPPh, hy (MeO) ; SiCH,CH,PPh, (1)
I
(MeO) ;SiCH,CH,PPh, + n = SiOH —=MeOH
(:510) _Si(OMe). CH.CH.PPh (2)
- n 3=-n"""2772 2
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cannot be carried over into the bisphosphine system; a divinyl-

silane, if available, would yield a relatively unstable 8-

membered chelate ring (}E). We have, therefore, been forced

to look for alternate synthetic schemes for bidentate ligands.

Three considerations severely restrict the types of schemes which
| can be proposed: (1) the limited number of methods available
for forming Si-C bonds; (2) the necessity of having easily

substituted groups (Cl, OR) on the silicon; and (3) the ease of

oxidation of many tertiary phosphines. 1In the previous report6
we discussed several ligands which were in various stages of
synthesis and actual utilizatior in catalysis. During this past
perioc we have concentrated our efforts on one of these (;3;) and

on 2 related ligand (IV).

,CH.CH.PPh L CH.PPh
(MeO) 2Si/\ 272 2>M< (EtO) 3s1\/\/< 22
1)
CH,,CH,PPh, I, CH,PPh,
3 11

(EtO) .81 PPh
3 \( 2 gy
PPh2

Results and Discussion.

l. Ligand III

~ o~

Ligand III was synthesized in this lab by D. Marquardt7

by the reactions shown below (Fig. 1), where V is a crystalline
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material prepared in three steps from readily available materials.
The ligand so obtained was not well-characterized and was very
impure. It could not be crystallized or distilled, and
purificaticn by column chromatography was avoided at the time as
it was believed that the siloxy groups would react with silica

and alumina adsorbentsa.

CH,,0Ts HSiCl CH,O0Ts
/\/< : - 250°'c'3 > Cl,8i ’ a5
CHZOTS CHZOTS
v
CH,OTs CH,PPh
(E£0) ySi AL 2 LiPPh, (EtO) 551 22
CHZOTS THF,N3 CHZPPhZ
v 23
Figure 1

One of our goals has been to develop new methods of
preparing and purifying III. 1In the last report we described
a new approach to synthesizing the precursor VI. As shown
in eq. 3, the compound can be prepared directly from Vin a

platinum-on-charcoal-catalyzed hydrosilvlation using

reflux CH20Ts

CH,OTs CH,OTs
2 Pt/C : 2
2
% VI
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(Eto)asiH (bp 131°C). By nmr, tlc, and C, H analysis, the
product of the reaction prcbably contains less than 5% of the
unreacted olefin. We have now extended this reaction to
(Me0)3SiH (bp 89°C). The greatest degree of conversion to addu:ct
(70-75%) was obtained using a closed reactor and mildly refluxing
toluene. As ‘r “Zhe case of VI the trimethoxy analog was an
uncrystallizable oil.

In the last six month period a considerable amount of time
has been devoted to the next step in the synthetic sequence,

phosphination with LiPPh This step is complicated by two side

2°
reactions which apparently were not reported by Marquardt. One

of these is substitution at silicon giving Si-P bonds (eqg. 4).

CH,OTs S) CH,OTs

2 + Ph,P —s (Et0),_ Si(PPh,) - 2
CH20TB CHZOTS

(EtO)3S' (4)

+ EtO

These bonds are easily cleaved by water and alcoholsg. Thererore,
it should be possible to ethanolyze any Si-P bonds which form
by adding more than the theoretical amount of ethanol required
to destroy the slight excess of LiPPhZ.
The more serious side reaction is eliminaticn producing

HPPh2 and an olefin (eq. 5). Using Marquardt’'s conditions

{addition of LiPPh2 solution to a solution of VI, THF, room

~ o~
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CH,CTs o
(EtO) ,Si \/\/< 2 + Ph,P —> HPPh, + (EtO) Si\/\//kCH OTs
3 2 2 3 2
CH20Ts

temperature, under Nz) we obtained some «f the desired product

(III), which was identified by nmr. However, by tlc

~ o~ o~

(CHCl,, silica) the major components of the crude isolated
material were HPPh2 and an unidentified compound, both of which
had much larger Re values than expected for III. Our failure
to repeat Marquardt's results in “his experiment, as well as
other lines of evidence, have led us to suspect that Marquardt

may have isolated VII rather than VI from the two-stage reaction

~ o~ o~

sequence given in Fig. 1. The competition between elimination

and nucleophi.ic displacement may differ for the two leaving

©, ®10

groups TsO- and Cl

CH2C1

(E£0) 38ix A~ K VII

CH2C1

Other workers were able to reduce the amount of elimination

occurring in nucleophilic substitutions of MPPh2 on primary

2 rather than LiPPh2 or NaPthll.

We tried this reagent, but again HPPh2 was one of the major

tosylates by employing KPPh

conponents of the reaction mixture.
With the hope of gaining selectivity for the desired

3
!
t substitution reaction over both elimination and attack at silicon,
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we carried out phosphination reactions at -77°C. The first
two low temp:rature reactions were worked up in the presence
of air, since the work-ups for the model compounds VI and VIII

~ ~ ~ o~

(eq. 6)7 did not require inert atmosphere. Although by tlc

CH..OTs . CH.,PPh
XK 2 i A4 a=ee (6)
CH.OTs ~~THF,N. CH..PPh
2 2 2y
v VIII

the low temperature reaction was stillnot a clean one, for the
first time the major components of the crvde product were ones
having low Rf values. This looked promising, but in fact nmr
indicated that the material isolated in both attempts was not

the desired product~~-the spectra were dominated by aromatic
signals with little evidence of ethoxy groups. The crude product
was not soluble in CeHg oOF CHC1,, giving emulsions which some-
times formed a precipitate upon standing. Such behavior had

first been observed in the KPPh, reaction in which the work-up

2
also was done in air. The behavior may be partially due to
incomplete removal of inorganic salts, as a rapid aqueous
extraction did increase the solubility of the product in CHCl3
in one case. But in the second case, the precipitate which
settled out of a benzene solution and was collected by centrifu-
gation was found to be very soluble in CHC13. We cannot explain

these un~xpected results. We suspected either polymerization of

an alkoxy silicon compound or oxiiation of the phosphine.

L—“;m_‘.-}‘sh%.;wzzi.’mh..-z il i

Y
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By repeating the low temperature reaction with the
rigorous exclusion of air, we isolated a material which was

soluble in CHCl., and C_H, and which by nmr (under N2) appeared

3 66

to be III in a purer state than was obtained using Marquardt's
conditions. However, tlc in air of this crude product still showed
the usual pattern of several spots, including a fast moving one

which may be HPPh, which was not completely removed by

2
evacuation. We must consider the possibility that the compound

is decomposing on the silica or on exposure to air. We, there-
fore, intend to try tlc in the inert atmosphere box with various
adsorbents. We also plan to attempt to purify the crude III

by crystallization and by column chromatography in the absence

of oxygen. Finally, we are currently studying the low temperature
phosphination of ti.e¢ model compound V to determine the best
reaction conditions.

Because orf the difficulties experienced using alkali metal

phosphides; we are now considering an approach using HPPh2 as

the nucleophile (eq. 7). The reaction of secondary phosphines
CH.,OTs CH.,PHPh.0Ts "~
. 2 acetone . 2 2
(Et0) .51  _~ XK + HPPh, ——7——> (Et0),Si
) CH,OTs 2 Eellux 2 \/\/<CH2P*hPh20Ts'
VI
K,CO 7
C CH,PPh,
——3——2€> (Et0) si\/\¢<: ‘ “ + KOTs + 20, + H,O
3 . 2 2
CH2PPh2

=
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with alkyl halides is a known route for the preparation of
tertiary phosphines. The intermediate phosphine hydrohalide
salts are generally decomposed by use of concentrated sodium
hydroxide, conditions which would cause polymerization of the
alkoxy silicon compound in eq. 7. Our system would require a
weak base such as K2C03. A preliminary experiment using the
model compound V seemed to yield a salt which did not decompose
to give_Y;;; upon treatment with K2C03.

Two other routes to III are shown in Fig. 2. These were

tried earlier but without success7. An example in the literature3

involving the direct hydrosilylation of E-PhZPC6H4(CH2)2CH2 = CH,

using HSiCl3 and UV irradiation prompted us to reinvestigate

these approaches.

l)HSiCl3,hv
[ 2)anhyd.ROH,pyridine ¢
//\\/<:CH2PPh2 \v/\v/<FH2PPh2
(RO) ,S1i
CH,PPh, 3 CH,PPh,
VIII
| (Et0)381H,hv T
Figure 2

We previously reported that a silyl adduct could be

obtained in an impure state by the two-step pathway where

6

R = Et~. We have repeated this using anhydrous methanol in the

T
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second step to yield the methoxy analog (also impure). Both
reactions were worked up in air, but realizing now that compounds
like III are very air-sensitive, future work will be done under
inert atmosphere. The direct route using (EtO)3SiH did not
appear to yield any adduct under the reaction conditions used.

2. Ligand IV

Olefin IX can be easily prepared from readily available
materials and would be an idezl precursor for an organosilicon
bisphosphine ligand (IV) using the routes shown in Figure 2.
Again, early attempts to hydrosilylate IX were unsuccessful7,
but we decided to reexamine the system. Unreacted starting
material was recovered in experiments using (EtO)3SiH and
(1) benzoyl peroxide as a free radical initiator or (2) platinum-
on-charcoal. In the latter case the catalyst was ineffective
due to poisoning by IX. Trichlorosilane has also been used.
In one case unreacted IX was recovered. In a second attempt
the residue after workup in air was insoluble in C6H6’ CHCl3,

and EtOH and may have been a polymer. Work will probably con.inue

H PPh,
14

H PPh2

on this system.
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Experimental.

Reagents: The following solvents were distilled and
stored under nitrogen: toluene (distilled from sodium), benzene
(distilled from Aldrich Red-al), and THF (distilled from sodium-
benzophenone ketyl). The silanes were distilled and freeze-

‘ pump-thaw degassed before use. Chlorodiphenylphosphine was

distilled before use. Compound V was prepared as described7.

Preparation of VI: Platinum-on-charcoal (0.18 g, 4.6 x

10-6 mol assuming 5% Pt) was placed in a 100 ml side-arm round-
i bottom Flask which was then fitted with a reflux condenser and gas
| inlet adaptor. The system was evacuated and filled with nitrogen

several times and then toluene (20 ml) and HSi(OEt)3 (4.0 m1,

2.2 x 10-2 mol) were added by syringe. The reaction mixture

]

! was heated to reflux under nitrogen. . solution of V (4.99 g,
1.18 x 10-2 mol) in toluene (15 ml) was similarly prepared under

nitrogen and added by syringeto the refluxing mixture during 15-
20 min. Reflux was continued for 16 hr. After cooling, the
solution was filtered through celite, the celite washed with
benzene and ether, the colorless filtrates dried over Na,so,

and the solvent finally removed on the rotovap. The residue

was heated to 70°C (bath temperature) under vacuum to remove

residual solvent and silane, By tlc (CHC13, silica) the resulting
crude product (6.90 g, 99% yield) contained a small amount of

P unreacted olefin and an impurity which remained at the origin.
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The latter contaminant could be removed by stirring the material
over a small amcunt of silica gel in CHC13. A portion of the
product treated in this fashion gave, after removal of silice,
evaporation of CHCl3 on the rotovap, and evacuation at 80°C,
purified material having 52.72% C, 6.77% H; calc: C, 53.03%,

H, 6.85%. The product had a satisfactory nmr. Note: In a
number of preparations the overall yield including silica gel
treatment was generally about 82%.

Preparation of the trimethoxy analog of VI: Using the

procedure above with (MeO)3SiH and benzene as solvent, the
material obtained after a 48 hr. reaction period contained about
40% of the adduct, about 60% unreacted olefin. When the hydro-
silylation was carried out in mildly refluxing toluene in a
sealed reactor over 48 hr. 70-75% conversion to the organosilicon
compound was achieved.

Preparation of LiPPh2: Lithium wire (0.41 g, 5.9 x 10-2

mol) which had been scraped and rinsed with THF was placed in a
nitrogen-filled 25 ml side-arm rcurd bottom flask under a blanket
of nitrogen. THF (15 ml) was added via needlestock, followed

by Ph,PCl (1.5 ml, 8.0 x 107>

mol) and the mixture warmed to
accelerate the reaction. After about 30 min. the solution had
developed a yellow color and the heat was removed. After a
further 1 hr. at room temperature, the solution had darkened to

orange. The reaction mixture was left overnight, during which

y
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time a dark red color characteristic of LiPPh2 radical anion

formed. This solution was transferred by needlestock into THF

solutionsof V or VI prepared under nitrogen. Reaction conditions

and workups for these phosphinations will be described in the

next report.

(5)

(6)

(7)

(8)

(9)

References

M. Takeda, Research Report, September, 1973.
M. Marrocco, Research Report, October, 1973.

G. Allum, et al., J. Organomet. Chem., 87, 203 (1975).

A. A. Oswald, L. L. Murrell, and L. J. Boucher, Abstracts,
167th National Meeting of the American Chemical Society,

April 1974, Los Angeles, Calif., Petroleum Chem. Division,
Items 34 and 35.

The abbreviation :=SiOH represents @ free surface silanol

group on the silica.

K. Neuberg, Research Report, June, 1975.

D. N. Marquardt, Ph.D. Thesis, Stanford University, May, 1974.
See, however, our description6 of the successful use of silica
gel chromatography to purify Vi.

V. Bazant, V. Chvalovsky, and J. Rathousky, Chemistry of

Organosilicon Compounds, Vol. I, Academic Press, N. Y.

1965, p. 89.



(10)

(11)

-

- PRABAR™ TSN AR T RN " L

A

51.

Note: The presence of HPPh2 is the only indication we
have that elimination is occurring. It should be pointed

out that HPPh., will also be generated by the ethanolysis

2
of Si-P bonds and by the destructica of unreacted

LiPPhZ. We do not know to what extent these processes

contribute to the observed HPPhZ. We have assumed

that elimination is the major source.

J. D. Morrison, personal communication.
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Conducting Catalyst Supports (M. Marrocco)

Introduction.

We have a general interest in group V transition metal
dichalcogenides (MCh2) as catalyst supports. The potential
advantages of these materials lie in their high surface area,
the fact that they can bhe dispersed to the molecular level
in organic solvents, in their metallic conductivity, and in
their high thermal conductivity. We intend to employ these
supports for two general purposes: firstly, as supports for
hybrid homogeneous-heterogeneous catalysts comprised of transition
metal complexes; and secondly, as supports for electrode catalysts.

In the first application, the hybrid coordination catalysts
will be compared with examples using silica as a support. The
further possibility of electrochemically activating catalysts
on the conducting dichalcogenides is a matter we wish to ultimatel;
examine. The use of group V dichalcogenides as supports for
electrode catalysts will be somewhat limited by their electro-
chemical activity as discussed in our earlier reports. For that
reascn, we shall also be examining, in the future, graphite
materials. ‘

In our last reportl, we described the introduction of
RhCl3 and the fact that it seemed to have catalytic activity.

We have experienced difficulty in introducir.g transition metal
complexes on to these dispersed dichalcogenides. We are also still

developing methods for dispersing the dichalcogenides. Beycid the

R L T Y T s I i aae AR MR ——
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catalytic activiiy of the rhodium sites introduced into the
dichalcogenides, we are also interested in the nature of these
rhodium sites. The principle question is whether or not the
rhodium atoms remain as mononuclear coordination complexes or
become polynuclear metal crystallites. Following a criteria
that we developed earlier with the silica catalysts, we have
employed the reduction of aromatic substrates and the develop-
ment of black coloration as indications of the presence of
rhodium metal. The dichalcogenide surfaces might be expected to
form coordinate complexes with the rhodium, but we have not yet
examined this point experimentally.

In the last report, we briefly described conditions for
dispersing TaSz. Only two solvents: N-methyl formamide (NMF)
and N-methyl acetamide (NMA) can be used to disperse these
dichalcogenides. In each case preintercalation of a stoichiometric
amount (based on Tasz) of organic material hes been found to
be necessary. We have employed N-propyl amine in this step
for most preparations. Primary amines seem to be the reagent
of choice because of their high rate of intercalation. Both
amines and amides ace known to form complexes with rhodium(III)
and some of these are hydrogenation catalysts4’5. Formamides
are easily decomposed to CO and an amine. The ancmalous
behavic: of amide intercalation is probably due to this

decemposition. This could account for Ruthardt's2 serendipitous
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discovery of Tgsz in MMF dispersions since pure NMR free of
methyl amine is not effective. This decomposition is a
further problem since c..rbon monoxide can act as a catalyst
poison. The following experiments deal with our preliminary
exploration of rhodium catalysts introducec into dispersed
group V dichalonides for dispersing these materials.

Experimental.

Ta82 and NbSe2 were prepared from the elements as
described by Di Salvo3. NbTe2 was purchased from Alfa as a
freely flowing, black pcwder ¢nd used as obtained. NMR and
dimethyl formamide (DMF) were freely distilled from BaO and
stored over molecular sieve. N-methyl acetamide was fractionally
recr 'stallized by freezing at 25° and disczirdinyg the remaining
liquid. Cyclooctene was distilled frm CaH and passed through
an activated alumina column under nitrogen before use.
Cyclooctane, methyl cyclohexane, toluene n-propyl amine and
cyclohexyl amine were used as received from Aldrich. Hydrogenations 4
were carried out in Fischer-Porter type pressure bottles having

a volume of ca. 90 ml. MCh2 dispersions were prepared as

previously described. All gas chromatography was carried out ]

using an OV-10l1 column at 100°.

Hydrogenation of cyclooctene with TaS.-RhC1.NMF.

2 3
A: RACl;*H)0 3 mg (1.2 x 107> mol) was dissolved in ca. 5 ml

DMF in a Fischer-Porter bottle equipped with a magnetic stir
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bar. After flushing the system with N2, 0.5 ml (ca. 10-20 mg
TaS2 .04-.08 mmol) of freshly prepared TaS2 dispersion was

added by syringe. This mixture was sonicated for 30 sec.
Cyclooctene 0.2 ml (1.55 mmol) was added by syringe. The system

was flushed with H. and pressurized to 44 psi H,. The mixture

2
was stirred at 25°. After 1-2 hr. the pressure no longer dropped.
After 12 hr. products were analyzed by GC. Two peaks were

observed of nearly equal height. These were identified as cyclo-

octene and cyclooctane by coinjection with authentic compounds.

B: This experiment was identical to (A) but with 109 mg Tasz.

No cyclooctane was detected by GC.

Hydrogenation in N-methyl acetamide. C: RhCl3-H20x

5 mg (2 x 107 ml) was dissolved in ca. 5 ml N-methyl acetamide
in a Fischer-Porter bottle. TaS2 powder 50 mg (0.2 mmol) was
dispersed in N-methyl acetamide with N-propyl amine (16 pl

(0.2 mmol). N-methyl acetamide freezes at 28°. Mixtures which
froze were melted by pliacing .the vessel in a warm water bath. As
in (&) 9.5 ml of this dispersion was added under N, to RhCl3
solution. Cyclooctene 0.2 ml (1.55 mmol) was added by syringe and
the system was pressurized to 44 psi H;2 after a Hz flush.

After 12 hr. GC indicated complete conversion to cyclooctane.

Thz mixcure has turned from the characteristic orange-brown

color of TaS, dispersion to black.

2
D: Identical to (C) except 0.2 ml (1.9 mmol) toluene was used

as substrate in place of cyclooctene. GC analysis found methyl

cyclohexane and no toluene. The mixture was black after 12 hr.
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Hydrogenation of arenes in NMF. E: The experimental

conditions were identical to those in (A) with 0.2 ml (1.9 mmol)
toluene replacing the cyclooctene substrate. No significant
pressure drop was observed after 12 hr. The solution was still
orange-brown in color at this time. GC analysis was complicated
as methyl cyclohexane has a retention time similar to that of
NMT which is present in large excess. Addition of water (25 ml)
and extraction with diethyl ether (3 x 25 ml) followed by
removal of ether resulted in an improved gc analysis. Added
methyl-cyclohexane could easily be detected, however, its absence
in the reaction mixture could still not be unambiguously ruled out.
F: The experimental conditions were identical to those in (A)
with 0.2 ml (2.2 mmol) aniline (passed over activated alumina)
replacing the cyclooctene substrate. No significant pressure
drop was observed over 12 hr. The solution was still orange-
brown. GC analysis showed aniline and no cyclohexyl amine.
Dispersion of MChz. G: NbSe, 0.1 g (.4 mmol) crystals

2
were treated with 30 pl n-propyl amine (.4 mmol) in 5 ml

N-methyl acetamide. Sonicaticn of this system for 5 min. had
no visible effect. After 24 hr. in contact with n-propyl amine
the NbSe2 still did not disperse on sonication.

H: NbTe2 0.1 g (.29 mmol) powder was treated with 30 ul

n-propyl amine in 5 ml NMF. Sonication failed to produce a

dispersion.
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E: NbSe2

n-propyl amine (.4 mmol) ip 5 ml NMF. Sonication for 1 min.

0.1 g (.4 mmol) crystals were treated with 30 ul

had no effect. After allowing the mixture to stand for 24 hr.
sonication for L min. produced a reddish dispersion.

Discussion.

After demonstration of activity in experiment (é) a
rumber of experiments were carried out using various substrates.
In these experiments no hydrogenation was observed. It was
subsequently discovered that the unsuccessful runs differed from
the original recipe in that the unsuccessful experiments contained
an order of magnitude more MChz, as in (B). This is 0.12
equivalent % Rh compared with 1.2 equivalent % Rh in (A). What
was first thought to be cuspect was the unstable nature of the
solvents, NMF and DMF, both of whi.'h are known to produce CO
by decomposition. Consequently N-methyl acetamide was
substituted as in experinents (C) and (D). The MCh2 component
was also reduced to the original concentration. These
experiments afforded complete hydrogcnation of olefin where as in
NMF it was often fcurd that up to half the olefin had not reduced.
In experiment (D), however, an aromatic compound was completely
hydrog=nated. This is disaprointing as thir result suggests
reduction of rhodium to metal particles. This was corroborated
oy the black coiur of the material at the end of a run suggesting
the presence of rhodium particles, although this has not been

verified by electron microscopy. This black color aad not been
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noted except in N-methyl acetamide. This led to experiments
(E) and (F) in which toluene and aniline were subjected to the
same conditions except in the NMF-DMF solvent system. The
results suggest that the NMF-DMF system is rnot susceptible to
the formation of Rh metal. It remains to be demonstrated that
aniline can be reduced in N-methyl acetamide.

It seums at this point that changing the solvent system
dramatically effects the nature of the catalytic site. If this
is substantiated by further experiments, we will have two
extreme cases to study electrochemically. This may prove to be

an asset in the interpretation of electrolytic data.
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"Face-to-Face Porphyrins" (T. Halbert and B. Tovroq)

Introduction.

The multi-electron reduction of small diatomic molecules
such as O2 and N2 is a topic of much current interest.
Sequential reduction of such molecules in one electron steps
produces thermodynamically unfavorable intermediates, thus
ruling out such pathways in the search for rapid and efficient
reduction systems. It has been a goal of this group to synthesize
bimetallic complexes in which both metals can simultaneously
coordinate and reduce diatomic substrate molecules. Such
complexes would, hopefully, enable direct four and six electron
reduction, thus avoiding the unfavorable intermediates.

The search for such ccmplexes has led us to propose a
new class of so-called "face-to-face" porphyrins. These "face-
to-face" porphyrins should contain two porphyrins, covalently
linked in such a fashion as %o bring the two metal containing
sites clcse together. The only previously known examples of
covalently link<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>