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IRON-RICH LOW-COST SUPERALLOYS

Steven Falko Wayne, Ph.D.

The University of Connecticut, 1985

An iron-rich low-cost superalloy has been developed in conjunction
with United Technologies Research Center under the NASA program, Conser-
vation of Strategic Aerospace Materials. The alloy, when processed by
conventional chill casting, has physical and mechanical properties that
compare favorably with existing nickel and cobalt-based superalloys
while containing significantly lower amounts of strategic elements. The
composition of the alloy is Cr(15)-Mn(15)-Mo(2)-C(1.5)-Si(1.0)-Nb(1.0)-
Fe(bal.), and it can be produced with chromite ore deposits located
within the United States.

Studies were also made on the properties of Cr(20)-Mn(10)-C(3.4)-
Fe(bal.), a eutectic alloy processed by chill casting and directional
solidification (D.S.) which produced an aligned microstructure consist-
ing of M7C3 fibers in an y-Fe matrix. This good alignment vanishes when
molybdenum or aluminum is added in higher concentrations. Thermal ex-
pansion of the M7C3 (M=Fe, Cr, Mn) carbide lattice was measured up to
800° C and found to be highly anisotropic, with the a-axis being the
predominant mode of expansion.

Repetitive impact-sliding wear experiments performed with the
Fe-rich eutectic alloy showed that the directionally solidified micro-
structure greatly improved the alloy's wear resistance as compared to

the chill-cast microstructure and conventional nickel-base superalloys.
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Studies on the molybdenum cementite phase have proven that the
crystal structure of the ¢ phase is not orthorhombic. The molybdenum
cementite has a monoclinic cell (space group C2/m) a=10.870, b=7.761,
c=6.563 R and 8=120.1° with a volume approximately one-fourth the size
of the previously proposed cell. The crystal structure of the £ phase
is made up of octahedra building elements consisting of four Mo and two
Fe-atoms and trigonal prisms consisting of four Fe and two Mo-atoms.
The voids are occupied by carbon atoms. The previous chemical formula

for the molybdenum cementite "MoFeZC" is now clearly seen to be

M°12F922c10'
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[RON-RICH LOW-COST SUPERALLOYS

[. Introduction

Over the last thirty years, successful development of high-strength
nickel and cobalt-based superalloys has met the needs of the automotive
and aerospace industry. For this reason, there has been Tittle interest
in developing iron-base alloys for the higher temperature gas turbine
engine components [1]. However, there is an increasing awareness of the
United States' dependency on imported elements used in cobalt-based
superalloys. For example, the aircraft engine industry relies heavily
on cobalt, chromium, columbium and tantalum. Today, we are almost
totally dependent on foreign sources for these elements, and many supply
interruptions resulting from political disturbances in many countries
have been experienced [2]. In order to reduce the U. S. dependence on
these so-called strategic elements, NASA has formed COSAM (Conservation
of Strategic Aerospace Materials). A joint program (under COSAM) has
been established involving the University of Connecticut, United Tech-
nologies Research Center and NASA-Lewis Research Center. This program
provides the impetus for investigation into cast and aligned eutectic
iron-based superalloys. The role of each program member is shown in
Figure 1 and allows for interaction between UCONN and the facilities of
UTRC and NASA.

The potential for the aligned Fe-Cr-Mn-A1-C alloys to substitute
for "strategic" superalloys has been determined by Lemkey et al. [3].
Figure 2 shows stress to rupture life for the alloy Fe-20Cr-10Mn-3.2C
which compares favorably with other current Fe, Co and Ni based super-

alloys [1]. Interestingly, modification of this iron-based superalloy
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is also envisioned as a candidate material for Stirling engine cylinder
and regenerator housing components which furthermore require the alloy
to have a good hydrogen compatibility.

The purpose of this investigation vas to evaluate the constitution
of iron-based superalloys. The alloy development task was shared with
UTRC, where alloy synthesis and mechanical properties were performed.
This dissertation, by determining the constitution of each new alloy,
evaluated the role of alloying elements on phase stability. The alloy
selections are made from the multicomponent system, Fe-Cr-Mn(Mo)-A1(Si)-
C(N), which is aimed towards an austenitic iron solid solution matrix
reinforced by finely dispersed or aligned carbide phases. It should be
mentioned that the Cr additions to this alloy system can be obtained
from chromite ore deposits located in the western part of the United
States [4]. The alloy iteration flow chart is shown in Figure 3 and is
designed to identify a substitute low-cost iron-based superalloy, con-
taining low quantities of strategic elements [5].

The second chapter of this dissertation which relates to the alloy
development task, concentrates on the Fe-Mo-C system and structural-
chemical aspects of the molybdenum cementite, the so-called £ carbide
that is a frequently occurring phase in the multi-component iron alloys.

The final part of this dissertation focuses on the Fe(bal)-Cr(20)-
~ Mn(10)-C(3.4) eutectic superalloy processed by means of directional
solidification. The M7C3 carbide phase stability, microhardness, ther-
mal expansion and crystallographic relation to the gamma iron matrix was
determined. Furthermore, impact-sliding wear tests were done with the
eutectic superalloy to compare the chill cast and aligned microstruc-

tural conditions.
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II. Review of the Literature

A. Background

A major goal in the development of a low-cost iron-base superalloy
is characterization of the metallic and carbide-phase stabilities. It
is the aim of this investigation to achieve a duplex structure which
contains an austenitic matrix (y-phase) and an M7C3 carbide. In many
cases, aligned eutectics are produced with the M7C3 as an aligned car-
bide phase [3,6], and are termed in situ composites. The importance of
phase stability for Fe-Co-Cr-C aligned eutectics was seen by van den
Boomgaard when the ultimate tensile stress dropped at 900°C (after an
anneal at 950°C) due to the transformation of the M7C3 carbide into the
M23C6 carbide [6].

B. Fe-Mn-C and Fe-Cr-C Systems

It is well known from previous investigations that the binary metal
{Fe,Mn,Cr}-carbon systems and the ternaries have a strong tendency for
carbide formation [3]. Isothermal sections have been calculated from
thermochemical data based on the assumption of regular solid solutions
of the carbides: (Fe,Mn)23C6; (Fe,Mn)3C; (Fe,Cr)23C6. (Fe.Cr)3C and
(Fe,Cr)7C3 [7,8]. Figure 4 contains isothermal sections of the Fe-Mn-C
system at 600°C and 1100°C. The main observation is that the y + M3C +
M23C6 phases are shifted to increased amounts of Mn at the higher tem-
perature. At about 1000°C, the M3C forms as a complete series of solid
solutions between Fe,C and Mn,C, with the Fe ,Mn_,C phase detected by
Shimma [9]. The M7C3 carbide does not coexist with the M3C between 600
and 1100°C because of the presence of the (Fe.Mn)SC2 carbide which has a

large range of Mn/Fe substitution [10,11].

| .
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Studies in the Fe-Cr-C system, up to 1 w%C and 29 wiCr, have found

Ce>» M,C and M,C, to be stable carbides [12]. Furthermore, the My4Ce

M23
is in equilibrium with « and y, whereas M3C and M7C3 exist with y only,
These carbides are stoichiometric with the exception of the cementite
phase (Fe.Mn)3C in the Fe-Mn-C system [13]. The transformation behavic
of M7C3 to M23C6 and H3C to M7C3 has been examined in a high carbon
chromium steel [14,157, In these systems, the CriCy s a highly stable
phase; however the Fe7C3 has been shown to be metastable [16]. The
Mn7C3 carbide has a stability which can be placed between chromium and
iron carbides.

A recent application of the chromium carbide stability has been
applied to the development of aligned eutectic microstructures
(17,18,19], These composite materials are formed in situ and consist of
a solid solution matrix reinforced with the directionally solidified
carbide phase. Thus considerable attention must be paid to the eutectic
equilibrium, which is shown in Fig. 5 for an isopleth taken at 17% Cr
r3]. Just above 1200°C, at 3-4 wt.% carbon, exists the monovariant
eutectic trough wnich couples the H7C3 and y phases.

C. Carbon-Free Fe-Cr-Mn Alloys

In order to develop an alloy with a y phase matrix, the equilibria
between the metallic phases have to be established first. Kirchner et
al. have examined the ferrite-austenite equilibrium for the temperature
range of 750°C to 950°C f2C]. Figure 5 contains the isothermal sections
from the Fe-Cr-Mn system taken at 700°C and 1000°C [3]. Solid solution
formation between the o phases was proposed by Potdek [21] and the
presence of y + o phase in Fe rich Fe-Cr-Mn alloys at 650°C was evidence
for continuous transition regions. The work of Lemkey et al. [3] estab-

lished that there is & homogeneous transition region between o(Fe-Cr)
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and o(Mn-Cr) phases in which the lattice parameters change in a fairly
linear fashion. At 1000°C, the Fe-Cr-Mn system reveals that the y phase
is readily stabilized by small additions of Mn. Lowering the tempera-
ture to 700°C (Fig. 6) alters the equilibria; a higher amount of Mn (ca
10%) is needed to stabilize the y phase. Then, y occurs up to 60 a/o as
a single phase. Interestingly, the Cr addition by itself does not sta-
bilize the y-Fe at 700°C. The result of this is that Cr becomes a
strong carbide former.

D. Fe-Mo-C System and the £ Carbide

The constitution of the binary systems Fe-C, Mo-C and Fe-Mo are now
well known [22,23,24]. The earliest work on the ternary system was done
by Takei, who found M6C and cementite (Fe3C) at 700°C [25]. Kuo showed
that MC, M2C and M23C6 were also stable at 700°C and by annealing he
discovered the £ molybdenum-iron carbide (molybdenum cementite) [26].
The work of SatB confirmed the ¢ carbide and M23C6 after 500 hr anneal
at 700°C [27].

There is good agreement that iron or iron-solid solutions coexist
with M02C at 700 and 1000°C [27-30]. The first partial system, Fe-Mo-
Mo,C, has been explored by Fraker et al. [31] and Ettmayer et al. [32]
who found an n carbide having a composition around Fe3Mo3C. In contrast
to Bowman et al. [28] and Aldén et al. [29] who at 700°C find the exist-
ence of one ternary carbide, Sato et al. [24] report the occurrence of
two ternary carbides (the ¢ carbide and the t carbide). The latter is
the metastable r carbide which has an ordered Cr23C6 type, structure
(27]. According to the phase diagram established by Jellinghaus [33],
the ¢ carbide (frequently named MoFeZC) is the stable ternary phase
below 700°C. At 1000°C, Campbell et al. [34] describe both t and ¢
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carbide phase as stable while Bungardt et al. [35] and Harvig et al.
[30] indicate MoFeZC is the only stable phase. The work by Nishizava
[36], and Wada et ai. F37] at 900°C and 1000°C indicates Fe3C, MoFeZC,
M2C and M6C as stable phases, although Bungardt did not detect the MZC
carbide at 1000°C or 1100°C [35]. Recent work has shown that formation
of MoFeZC proceeds easily by sintering but vanishes in arc-melted sam-
ples, only to return after anneal (300 h, 1000°C) [38]. Molybdenum
cementite has been observed directly in a molybdenum modified AISI 4130
steel; the kinetics of the carbide precipitation was recently discussed
in detail [39]. According to this investigation, the presence of the ¢
phase can easily be missed in low-alloy steels because of the tiny par-

ticle size and the structural similarity of the powder pattern to Fe,C.

3
It is clear that due to the metastable equilibria of the phases in the
Fe-Mo-C system inconsistencies exist in the reported literature.

E. Fe-Cr-Mo-C System

An investigation of this system with carbon contents up to 2.5 wt.%
a* 1100°C has been performed by Staska et al. [40] who report the occur-
rence of the carbides MEC' M23C6, M3C, M7C3 and MoFeZC. When the carbon
content is increased to 3 wt.%, and particularly when molybdenum in-
creases to 10 wt.%, the M6C (n carbide) becomes predominant [41]. These
authors express the opinion that the molybdenum cementite appears to
have a composition closer to the n carbides. Some interesting quanti-
tative data were also given for the metal-metal substitution in the M7C

3
carbide in which 13 wt.% Mo, 22-43 wt.%Cr were found in (Fe,Cr.Mo)7C3.
Two 4fphase spaces at 1100°C were determined (y + MBC +M3C + M7C3) and
(v + MeC + MyaCe + M7C3) for the region 12 wt.%Cr, l4wt.%Mo and 2.5
wt.%C [40]. Bungardt et al. have studied the y unit cell behavior as Mo

content varied in lTow carbon steels and found M23C6, M6C and ferrite.
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F. Fe-Cr-Mn-C System and Eutectic Equilibria

Based on the eutectic equilibria in the Fe-Cr-C system [42], 1it-
erature data on the ternaries, the work of Gupta [43] and new results,
Lemkey et al. have proposed an Fe-Cr-Mn-C phase diagram shown in Fig. 7.
The addition of Mn to the 3 wt.% Fe-Cr-C system is seen to mainly sta-
bilize the y phase field. This figure shows, with a dotted line, the
projection of the monovariant trough on the isothermal section at 1000°C
in the y + 7/3 phase field. The eutectic point is seen to move with
increasing amounts of Mn.

Based on the observation that Mn acts as a y stabilizer, the pri-
mary and secondary crystallizations within 30 wt.% Cr + Mn and up to 4
wt.% carbon will mainly depend on competition between the M7C3 and M3C
carbides. The M3C carbide, in the Fe-Cr-Mn-C system occurs as cementite
(Fe,Mn)3C and (Fe,Cr)3C [3]. Interestingly, the M3C carbide which forms
at 1000°C, changes to M23C6 after annealing at 700°C to form
Fe]].SMn8.6Cr2.9C6. Also of interest is the presence of M23C6 carbides
which occur with increased amounts of chromium. Lemkey et al. have also
investigated the M,,C, section (M = Fe,Mn,Cr) at 800°C which is shown in
Figure 8. There is good evidence here that chromium additions stabilize
the M7C3; however, at high concentrations the M23C6 carbide coexists.
The M7C3 to M23C6 transformation was also the subject of a detailed
investigation by Beech et al. [14].

G. Fe-Cr-Mn-Mo-C System

Gupta has explored this quinary system at 50 at.% Fe and 30 at.%
carbon at 700°C, 1000°C and 1100°C [43] with strong emphasis on the M,C,
carbide. The isothermal M7C3 (M = Fe,Cr,Mn,Mo) sections are shown in

Figures 9, 10, and 11 and show that in the carbide, chromium can be
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readily substituted by Fe and Mn. Molybdenum, on the other hand, favors
the competing M2C carbide and Gupta determined the maximum solubility of
Mo in M7C3 to be M6.5M00.5C3 (M = Fe,Cr,Mn).

The role of molybdenum is further seen in Figures 9-11 with the
frequent occurrence of the molybdenum cementite. Based on a large num-
ber of samples, Gupta observed that Mo-cementite occurred more fre-
quently in the sintered than arc-melted state and exhibited a narrow but
detectable homogeneous range in the presence of manganese and chromium,
The £ phase was found to dissolve up to 10 mole % chromium carbide and

20 mole % manganese carbide with 50 at.% Fe.

Fe-Cr-Mn-C (1000°C)
Mn < 3 w/o CARBON

Y + M23CG
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|
,I
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Fe Cr
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Fig. 7 Isothermal Section of Fe-Cr-Mn-C at 1000°C, ~3 wt.% Carbon [3]
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Fig. 8 Isothermal Section for Nominal Composition of M23C6
(M = Fe,Cr,Mn) at 800°C [43]
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III. Results

A. Selection and Constitution of Alloys

The results presented in this section are made up of contributions
from United Technologies Research Center and this thesis work. The UTRC
data consists of alloy casting details, cycle oxidation, stress rupture,
and creep test results. This dissertation deals specifically with the
phase stability for each alloy as the compositions were adjusted to
acnhieve the demanding high-temperature properties.

Table 1 Tists the first twelve candidate alloys based on the Fe-Cr-
Mn(Mo)-A1-C(N) multicomponent system. The alloys were produced by in-
duction melting under argon cover and casting into both copper chill and
ceramic (A1203 + 5102) shell molds [44]. Micrographs were taken from
each casting and the volume fraction determined of the dispersed carbide
phase (Table 1).

The phases of eleven of the first twelve alloy candidates cast in
chill molds were examined by X-ray powder diffraction. The alloys were
ccnverted to powder by diamond filing and examined using CO'KQ radiation
in a small diameter Debye-Scherrer camera. The dispersed carbide phase
was isolated by dissolution of each alloy in an alcoholic bromine solu-
tion. The filtered and dried extraction was examined using Cr—KQL radia-
tion. The results of these analyses are presented in Table 2 where the
phases present in each alloy are reported with their respective lattice

parameters calculated from the back reflection lines of smallest
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interplanar spacings. The 0,2% offset yield and tensiie strengths of
the candidate alloys in the as-cast condition were determined at room
temperature and 788°C. The data are reported in [44] and reveal that
NASAUT 3 is strongest at room temperature, but weakens off markedly at
elevated temperature., NASAUT 9 was abandoned due to a very low yield
strength, although this alloy displayed a favorable resistance to frac-
ture in Charpy impact tests.

Cyclic oxidation testino at 870°C was performed on all candidate
alloy modifications [44]. Disks 0.385" in diameter were cut from chill
cast bars and surface ground to a thickness of 0.145". A hole was
drilled (0.062" diameter) through each sample and all samples were
polished through 600 grit paper. Each sample was cleaned in metharol,
weighed, and its surface area calculated. Samples were suspended above
an 870°C vertical tube furnace on a platinum wire, Each cycle consisted
of lowerinc the sample into the furnace for 55 minutes, then withdraw-
ing, and allowing S minutes to cool to room temperature before the start
of the next cycle. Every 20 cycles the samples were removed from the
wires and their weights recorded. The weight cnanges per unit surface
area for each alloy tested for 200 cycles (hrs) are presented graphi-
cally in Fig. 12. The importance of both chromium and aluminum in com-
bination is noted.

Modifications (e.g., Mn, Cu, Ni) of these candidate alloys were
prepared each with 1.5w/oC and numbered as -A, -B, -C etc. to the origi-
nal composition. Table 3 presents the stress rupture data for the al-
loys and identifies NASAUT 1, 2, and 4 as having the greatest resistance
to rupture. Figure 13 contains the cyclic oxidation data for candidate

alloys containing aluminum as this was thought to form the adherent
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COMPOSITION W/0

200

ALLOY NO. Mn Cr Mo Al (o N
NASAUT 1 10 20 - — 1 —
NASAUT 2 15 15 - — 1 —
NASAUT 3 10 15 — 5 1 -
NASAUT 4 15 12 3 - 1 -
NASAUT 5 15 10 4 2 1 —
NASAUT 6 10 - 10 2 1 —
NASAUT 7 15 5 10 — 1 —_
NASAUT 8 10 - 4 2 1 —
NASAUT 9 15 10 — 2 — 1
NASAUT 10 10 15 —_ — 1 —
NASAUT 12 15 15 —_— 2 1 1
3
\ 1
B 12 .
5
1
- o 10
8 9
A
—_— 6
7
i | fl il 1 | | i |
0 20 40 60 80 100 120 140 160 180
CYCLES

Fig. 12 Cyclic Oxidation of Candidate Alloys [44]
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COMPOSITION W/O

ALLOY NO. Mn Cr Mo Al (o Cu
NASAUT 1 10 20 - — 1.5 -
NASAUT 1A 10 20 - 2.5 1.5 -
NASAUT 3 10 15 - 5 1.5 -
NASAUT 3C 10 15 - 5 1.5 5
NASAUT 4A 15 12 3 5 1.5 -
NASAUT 6 10 - 10 2 1.5 -
NASAUT 6A 10 - 10 5 1.5 —

Fig. 13 Cyclic Oxidation of Modified Candidate Alloys [44]



- 25 -

A]ZO3 phase, thus protecting the alloy. It is clear that NASAUT 4A, 3
and 3C offer superior cyclic oxidation resistance. The addition of
0.5w/0C (Table 3) to the alloys resulted in significant increases in
room temperature strength; however, this was not true at elevated tem-
peratures. Alloys NASAUT 7, 8, and 12 were found to have high strengths
but were poor with respect to oxidation kinetics, and thus were elimi-
nated as candidates.

The phase stability within candidate alloys is shown to vary as the
compositions are adjusted to achieve strength, oxidation and rupture
criteria. Table 4 presents the strongest lines from extracted carbide
phase equilibria for NASAUT 2 with M7C3 and M23C6 phases coexisting.

Table 5 Tists the evaluation of a powder pattern of NASAUT 3 with
the M7C3 carbide appearing as the stable phase. Table 2 shows this Al
containing alloy to have equal amounts of a-Fe and y-Fe, with the lat-
tice parameters of the M7C3 carbide the smallest (a=13.49x, c=4.503) as
compared to other alloys. Increased amounts of Mn, in combination with
Mo + Al additions were found to stabilize the g-Mn(C) phase as seen for
NASAUT 5 (Table 6). Evidence for the effects of Cr on phase stability
is found with NASAUT 6 (Table 7) in which the removal of chromium from
the system formed the (Mo, Fe, Mn)zc carbide. The importance of the
Cr/Mn ratio is seen in NASAUT 10 which formed M7C3 + M23C6 (Table 8).
As the carbide extraction was not complete, trace amounts of the desired
v-Fe phase were obtained at the carbide interface and the lattice param-
eter (see Table 2) of this y-Fe was measured to be a=3.64ox, somewhat
larger than the conventional matrix lattice parameters. The comparison
to NASAUT 2 shows that the Cr/Mn ratio can stabilize the a-Fe and/or

y-Fe phase. The M23C6 carbide in Table 9 exists with the y-Fe matrix
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and has a lattice parameter (a-10.643) that compares favorably with
NASAUT 5. Increasing the amount of Mn to achieve Cr/Mn = 1, removing
the Mo and adding A1 with nitrogen produces M23C6,M7C3 and an unidenti-
fied phase all coexisting with a-Fe and a minor amount of y-Fe (see
Tables 2 and 10).

B. Modified Alloy Phase Stability

The phase stabilities of the modified alloys listed in Table 3 were
also inspected by powder X-ray diffraction. With the addition of 2.5
w/0 Al to NASAUT 1 only the M7C3 carbide (a = 13'QGGR and ¢ = 4.4963)
was observed., The lattice parameter of the y-iron matrix was unchanged.
The addition of 5.0 w/o Al to NASAUT 4 also promoted a structural change
in the carbide from M23C6 to M7C3 as well as a destabilization of the
y=iron matrix. The cubic Tattice parameter for the a-iron present was
calculated at 2.8673 and 3.6633 for the y-iron coexisting with a-Fe.
The addition of more aluminum (5 w/o vs. 2 w/0) in NASAUT 6 resulted in
essentially the same phases with the previously unknown constituent
identified as traces of M7C3. The lattice parameters of the hexagonal
MZC phase decreased slightly and the y-Fe phase expanded to a = 3.6653.

The additions of 5 w/o of the gamma stabilizing elements, Mn, Ni,
and Cu to NASAUT 3, which previously contained about equal amounts of y
and o Fe, resulted in the expected transformation. The lattice parame-
ters of the y phases were found to be: a = 3.6453 for the Mn addition
and a = 3.6312 for the Ni addition,. with a value for the Cu addition
somewhat between those found for Mn and Ni. The extracted carbides from
these three gamma stabilized alloys showed virtually no change in the
measured lattice parameters of the M7C3 between the unmodified NASAUT 3

alloy and those of the gamma stabilized versions.



- Al =

On the basis of strength and oxidation resistance, two alloys
MASAUT 1 & 4 were identified as promising candidates to be examined more
fully . Alloy iterations with small additions of both aluminum and
silicon were examined extensively as these were thought to improve the
alloy surface stability. The compositions of the modifications to both
NASAUT 1 (eight modifications) and NASAUT 4 (seven modifications) are
described in Table 11 [44]. The extracted carbide phase and filings
from the matrix phase were identified by X-ray diffraction, and the
structure and lattice parameter results for all alloy modifications are
presented in Table 12 for NASAUT 1 modifications and Table 13 for NASAUT
4 modifications. The two alloys chosen for more complete mechanical and
physical characterization, NASAUT 1G and NASAUT 4G, both exhibit y iron
matrix with dispersed M7C3 and M23C6 + NbC carbide phases. The X-ray
ditfraction data for the extracted carbides of NASAUT 4G are presented
in Table 14,

In the course of this study of iron base alloys of nominal composi-

tion 10-15 w/0 Mn, up to 20 w/o Cr, 0 w/0 Mo, 5 w/o Al and 1.5 w/o C,

bal. Fe, it was found that mainly a duplex structure y (austentite) +

M7C3 occurs. In the case of Mo-containing alloys, the gamma (y competes
with ferrite («), as does M,Cy with MyaCe and MC. Interestingly, the
extracted carbide product of an alloy with 15 w/o Mn, 10 w/o Cr, 4 w/0
Mo, 2 w/o Al and 1.5 w/o C has been shown to consist of a phase having
the 8 Mn type structure and a minor amount of M23C6 [45]. The matrix of
the above alloy was almost all y and only traces of a were present.
There is a complete fit in indexing for the carbides and the intensities
of the reflections of the 8-Mn type carbide compare perfectly to those

expected for the g-Mn type structure. Considering the lattice parameter,
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which was determined to be: a = 6.3953. it is obvious that there is a
carbide formed rather than an intermetallic. Indeed, the cell parameter
is much larger than that for g-Mn (a = 6.32i), but essentially smaller
than for the complex carbide Mo3A12C (a = 6.8603) [46], another "filled
up" ordered 8-Mn type structure.

Carbides [47] and nitrides [48] with completed 8-Mn parent lat-
tices, named w-phases, have been observed earlier. Thus, in alloys of
compositions Fe (26.3-65.6 w/o0), Cr (48.4-7.3 w/o), W (23.6-26.1 w/o)
and C (0.8-0.95 w/o0), mw-carbide forms after quenching from 1400°C.
Goldschmidt [47] could not detect the w-phase in corresponding carbon-
free alloys Cr-Fe-W or Cr-Fe-Mo. A r-nitride was first reported by
Evans et al. [48]. The ratio of interstitial atom to metal atom of 1/5
indicates a complete filling of the octahedral voids in 4a) of space
group P4132. According to the data for the Fe-Cr-W-m-phase one must
assume a partial filling only, and this is also true for the newly ob-
served Fe-Mn-Cr-Mo-Al-n-carbide. In both of these cases, the amount of
tungsten and molybdenum is rather small, 7.5 and 2 a/o, respectively.

Manganese itself favors the B8-Mn structure, which tendency is
further enhanced by iron and aluminum. This can be seen from the large
domain of the 8-Mn solid solutions - the ternary system: Mn-Fe-Al [49];
furthermore molybdenum and aluminum form (in the presence of carbon) the
filled-up ordered 8-Mn type structure [46], which means yet another
stabilization of the 8-Mn array. From an EDX analysis of the extracted
carbide it wac clearly seen that chromium, molybdenum and aluminum
preferentially enter the carbide (or carbides), while manganese dis-
tributes equally within the matrix and the carbide. The concentration

of iron in the n-carbide i5 roughly one-half of that in the matrix.
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According to the lattice parameter of the M2306 carbide (a ~ 10.623)
there is less iron and manganese incorpcrated, thus decreasing the cell
parameter (partially compensated by molybdenum). At any rate, the
amount of M23C6 in the extracted product does not appear to change the
distribution between n and y significantly. With no carbon in the
matrix [3] the ratio of carbon to metal in the w-carbide is much lower
than 1/5; that means that only a partial filling occurs according to the

-~

approximate formula (Fez.oMn0.7Cr1.0M00.4A10.9)Cx (x ~ 1/3). The com-
position of the w-carbide (Fe-Cr-W) comes close to (Fe.Cr,N)SCx
(x = 1/4).

Table 15 shows the = phase a-d M23C6 carbide extracted from alloy
15 w/o Mn, 10 w/o Cr, 4 w/0o Mo, 2 w/o Al, 1 w/o C, bal-Fe. The
n-carbide (Fe-Mn-Cr-Mo-Al1) also occurred in the extraction of alloy of
composition 15 w/o Mn, 5 w/o Cr, 10 w/0 Mo, and 1.5 w/0 Al, bal. Fe with
a lattice parameter of a ~ 6.433. The major constituents have not been
identified, however. One phase appears to be related to the x-phase, a
partially filled a=-Mn type structure. Such a phase actually occurs in
Fe-Cr-W-C alloys in addition to the m-carbide and y [47]. The existence
of the x-phase in Fe-Cr-Mo and Fe-Cr-Mo-C alloys has also been described
by Takeda et al. [50], and by Andrews et al. [51].

Because of the high thermochemical stability of Mozc. this car-
bide frequently occurs in Mc-containing steels. With respect to the
solubility of Mo,C for iron (carbide) there is some discrepancy.
According to Surovoi et al. [52], MoZC dissolves some iron. For a for-
mula (Fe0.05M°0.95)2C the cell parameters were reported to be: a =
3.000; ¢ = 4.7193. indicating an approximately unchanged a, but a sig-

nificantly smaller c-parameter than in the case of pure Mozc. In a
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phase diagram iron-molybdenum-carbon, calculated for 1000°C by Uhrenius
et al. [53], a small amount of Mo/Fe substitution in MoZC has been taken
into account. A recent compilation by Holleck [54] does not reveal the
existence of an iron containing Mo-subcarbide. It was found, however,
that alloys with 2 a/o Fe in M02C were homogeneous [55], although the
change of the cell parameters was indeed small. It was assumed that the
decrease of the average metal size may be partially compensated by more
carbon in the interstices. On the other hand, manganese and chromium
(carbides) dissolve in Mo,C up to ca. 15 (800°C) and 70 mol% (1350°C)
respectively, referring to Mn7C3 [56], and Cr7C3 [54].

Investigating carbides in M-50 tool steel, Bridge et al. [57] de-
rived for the M,C carbide a formula (Moo'7]Fe0.14Cr0.15)zc based on the
assumption that the MZC only involves these metals. No lattice parame-
ters, however, have been reported.

In extracted products of chromium-free alloys with 10 w/o Mn, 10(4)
w/o Mo, 2 w/o Al, 1T w/o C, bal. Fe, MZC carbide occurs as major con-
stituent. First based on a hexagonal cell, the parameters were found to
be : a = 2.984, (2.975) and ¢ = 4.7048 (4.705) R, significantly smaller
than those for pure Mo,C (a = 3.027, ¢ = 4.7423) (58], reflecting mainly
considerable Mo/Mn or Mo/Mn,Fe substitution in the MZC carbide. An EDX
analysis of the extracted carbide (85.5 a/o Mo, 9.3 a/o Fe and 5.0 a/o
Mn) also indicates some substitution of molybdenum by iron and manganese
in the MZC carbide although a minor amount of y is present.

Parthé et al. [59] have shown that MoZC is pseudohexagonal only and
described the cell as orthorhombic (space group Pbcn) with the parame-
ters: a = 4.72;3 b = 6.00,; and ¢ = 5.19,A. Rudy et al. [60] later on

found that there are two Mozc modifications (one hexagonal and one
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orthorhombically distorted) with the stability of these depending on
temperature and carbon concentration. The powder pattern of the ex-
tracted carbide of the alloy mentioned above is unambiguously indexed
with the orthorhombic cell (see Table 16). The lattice parameters were
determined to be: a = 4.708; b = 5.931 and ¢ = 5.1595; a corresponds to
Chex® D t0 2a,,,, and c to ahex/3' As mentioned before, the extracted
products contain MZC and some y (austenite) with a relatively large
parameter (3.683) which turns out to be essentially larger than the cell
parameter of the matrix of the alloy as cast. Thus inspection of the
filings of the alloy leads to a parameter of a = 3.6153. This phencme-
non was observed with other Fe-Mn-Cr-Mo-A1-C alloys also. It can be
understood by assuming that the matrix area near the carbides is highly
saturated by carbon and the other y-stabilizers. As a result of this, a
higher chemical resistance toward the extracting agent (bromine-
methanol) results.

C. Stress Rupture Properties

As previously mentioned, the stress rupture behaviors of NASAUT 1
and 4 were the best of the initial 12 alloy candidates. NASAUT 1 had
the best stress rupture strength with a total accumulated time to fail-
ure of 445 hrs at 777°C (205.1 hrs at 25 ksi, 200.1 hrs at 30 ksi, and
39.8 hrs at 35 ksi). NASAUT 4, containing M23C6 carbides, withstood
70.3 hrs at 30 ksi after a previous exposure of 67.1 hrs at 25 ksi. The
rupture ductility (% RA) of these two alloys was also greater than 50%
as described in more detail in Tables 17 and 18 for NASAUT 1 and NASAUT
4 modifications, respectively. The addition of aluminum, which is a
strong o ferrite former in the matrix was clearly observed. Since minor

(1-1.5 w/o) silicon additions were as successful in promoting cyclic
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oxidation resistance at 870°C as aluminum, it was particularly inter-
esting to observe the retention of both the y-austenite matrix structure
and stress rupture properties with these small additions of Si. Fur-
thermore, the presence of a fine niobium carbide in the matrix of NASAUT
4G indicated that higher elevated temperature strength could be obtained
by heat treatment optimization.

D. Alloy Modifications

The instability of the M7C3 carbide in NASAUT 4G as measured by the
decomposition product, M23C6, was found in X-ray analyses of extracted
carbides. This alloy was exposed either for long periods, e.g. 500 hrs
at 650°C, or for shorter periods, e.g. 24 hrs at 1093°C. There was ob-
served a decrease in hardness and stress rupture life after elevated
temperature exposure. This concern for 1increased M7C3 stability
prompted further alloy modifications to increase the Cr/Mn ratio in the
carbide and thereby increase the peritectic temperature from which M23C6
is produced as well as to increase the hardness of the M7C3 carbide.
The alloy modifications to NASAUT 4G are listed in Table 19 and include
addition of boron, nickel, and aluminum nitride, as well as variations
in Si, Cr, Mn, Nb and C levels [44], These modifications were made to
ensure that a gamma matrix would result.

The cast microstructures of NASAUT 4G-A and 4G-Al, containing equal
amounts of Cr and Mn but aiffering in niobium content by 0.5 wt.%, were
similar to that of NASAUT 4G except for the amount of interdenaritic
carbides, MC type. Their matrix phases were all y-iron (fcc) as deter-
mined by X-ray powder diffraction patterns of filings. The extracted
phases consisted of M./.C3 + MC + traces of an unidentified phase. NASAUT

4G-B (containing 0.1 wt.% B) also exhibited a gamma-iron matrix and the
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extracted carbides were similar to NASAUT 4G-A as seen in Table 20. The
extracted M7C3 (M = Cr,Mn,Fe) phase had a larger cell than &4G-A, i.e.
as= 14.02862 and ¢ = 4.5553 although less chromium was present. A les-
ser amount of MC (M = Nb,Mo) phase (a = 4.39083) was observed as com-
pared to M7C3.

Difficulties were experienced in retaining nitrogen in NASAUT 4G-C
castings and no nitrides were observed as precipitates in the gamma
matrix from optical microscopy inspections.

NASAUT 4G-A was modified by small additions of 0.1-1.0 wt.% haf-
nium, 0.1-1.0 wt.% yttrium, and 0.1-1.0 La+Ce (mischmetal). These
alloys, prior to examination in cyclic oxidation were also characterized
by X-ray diffraction and optical microscopy to document their phases and
microstructures. The results of X-ray diffraction experiments on fil-
ings and extracted carbides from each of these alloys i~ presented in
Table 21.

Each of the modifications to NASAUT 4G was given an aging heat
treatment (100 hrs at 650°C) and creep tested in air at 788 and 843°C.
The results are presented in Table 22. The boron containing modifica-
tion, NASAUT 4G-B, tested at 788°C/25 ksi indicated a slight decrease in
rupture life but increased rupture ductility; i.e., 45% RA and ~ 26%
elongation, compared with NASAUT 4G. The modifications, 4G-A and 4G-Al,
examined to establish the effect of increased Cr/Mn ratio at test condi-
tions of 788°C/30-35 ksi and 843°C/20-25 ksi resulted in improved rup-
ture life with respect to the base, NASAUT 4G [44].

The stability of the M7C3 carbide, as evidenced by the transforma-
tion to M23C6 in elevated temperature testing of alloys with increased

Cr/Mn content, was however disappointing, Carbides extracted from
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NASAUT 4G-A and 4G-A1 creep-tested at 843°C for 142.4 hrs and 324.3 hrs,
respectively, indicated only the presence of M23C6 and MC, as presented
in Table 23. Thus, although the rupture properties of NASAUT 4G have
been improved, the M7C3 carbide was not fully stabilized at the elevated
temperatures examined. Increasing the carbon level from 1.5 to 2.0 wt.%
for NASAUT modification, 4G-E, resulted in further improvements in rup-
ture life. This chemistry change was not expected to affect the M./.C3 -
M23C6 transformation temperature but resulted in an increase in volume

percent M7C3 initially present in the castings.

E. Investigations Within the Ternary System Iron-Molybdenum-

Carbon

The aim of this study was essentially two-fold. Addition of molyb-
denum to the alloys according to low-cost Fe-Mn-Cr-C was found to be
critical for the production of duplex microstructure y + M7C3, which has
been shown in detail previously [61]. Secondly, molybdenum steels or
molybdenum-chromium steels, such as 2 1/4Cr-1 Mo are important commer-
cial materials. It is interesting that only very recently [62] mecre
attention has been given to the precise phase equilibria and the iden-
tification of phases as well as the kinetics of the precipitation of the
various carbides. Astonishingly, no major effort has been made with
respect to the precise identification of the so-called ¢-phase (named
also molybdenum cementite with a formula specified as "MoFeZC" [38]).
[t is obvious that because of the complex crystal structure of this
phase, and because of the great similarity of the powder pattern of
"MoFeZC" with Fe3C, most prior studies did not elaborate on the Mo-

cementite and its influence on the microstructure and precipitation
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effects [62]. Craig developed a computerized X-ray diffraction tech-
nique in order to discriminate Mo-cementite and cementite powder pattern
in the presence of both carbides [62]. An expanded diffractogram show-
ing the major peaks of the Mo-cementite can be seen in Figure 14. The
investigations so far on the Mo-cementite usually refer to the paper by
Dyson and Andrews [63], who reported an indexing of an X-ray powder pat-
tern and some confirmation of these findings by means of electron dif-
fraction technique. The identity of the molybdenum cementite of formula
MoFeZC with the first observation by Kuo [26] was without any doubt.
As seen during this work, however, it was clearly shown that the ortho-
rhombic indexing given by Dyson et al [63] cannot be the base for the
true cell. The same is true for the proposed space groups. From the
present work it is evident that the preparation of pure or almost pure
molybdenum cementite is reiatively ~1sy and, as was already shown, orne
can even obtain single crystals from this compiex carbide. In these
experiments the powder patterns also taken from the crushed single crys-
tal materials could unambiguously be shown to be the same carbide phase.
See Table 24 which shows the correct indexing of the powder pattern of
the Mo-cementite. Again it should be mentioned that the cell parameters
of the Mo-cementite and those given by Dyson and Andrews cannot be
simply related [63].

Another point coming out of this work deals with the composition or
formula of the Mo-cementite. From wavelength dispersive X-ray analysis
(WDX) now also performed on single crystal materials, one must conclude
that the amount of carbon in the complex carbide is smaller than 25 at%.
The metal/carbon atomic ratio first appeared to be roughly 4.5 instead

of 3. A similar observation was also made by Craig. [62] The single
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crystal analysis alsc gave a hint for the atomic ratio of molybdenum and
iron, which seems to be deviating somewhat from the proposed value,
making a somewhat larger ratio (Mo/Fe = 0.523) likely. The discussion
about the composition of the Mo-cementite continues in section F.

In the context of the precipitation kinetics, it is remarkable that
the presence of niobium, or more specifically NbC in a molybdenum-
niobium modified steel enhances the nucleation of the !‘o-cementite. [62]
One has to add at this point that improved properties of the iron base
superalloys Fe-Mn-Cr-Mo-A1(Si)-C are obtained by means of small amounts
of niobium 547,

The curbide transformations 1in high carbon-chromium-molybdenum
steels were studied by Inoue and Matsumoto [65] who also determined the
orientation relationship for the reactions M3C+M7CB*M23C6+M6C. As the
samples were prepared by rapid quenching from meits, no Mo-cementite has
been found to cccur. However there was no hint made for Mo-cementite in
tempered samples at 600 and 700°C either (see Fig. 15).

Cr-Mo-steels, containing 4-14 w% Cr and 0.5-2 w% Mo with 0.1-0.2
wi> C besides ca 0.5 w% Mn and up to 0.3 w% V have extensively been in-
vestigated with respect to the fringe-type alloy-carbide eutectoids
M,,C. and M

3 2376 2
fringes (fr.) as a function of Mo/Cfr and (Cr + Mn)/C;r. can be seen

(667. The occurrence of the carbides MiC, M,C X at the
from Fig. 16. The MZX carbide obviously corresponds to the subcarbide,
which may have the formula M05/3Fe1/3C or MoCr2/3Fe1/3C. No Mo-
cementite was mentioned to be found in the fringes so far. Furthermore,

these authors claim to have found an epitaxial behavior between the

nontransformed austenite and the M7C3 carbide with (0001) plane of M7C3

*)
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TEMPERING TEMPERATURE (°C)

ALLOY SYSTEM

(W %) 200 400 600 10h 30 100
vl | 1 1 | T | | [ (o | 1
1} osamnmn )

y B,
N 5%
Fe-17.8 Cr -
C

M3SG_.

Fig. 15 Structural Changes in Cr-Mo Alloy Steel at Different

Temperatures After Rapid Quenching From the Melt [65]

Molcﬂ,

Fig. 16 Occurrence of sz, M3C, M7C3 and M23C6 Fringes as a Function

of Mo/chringe(CHMn)/chringe

M23C6 + M2X
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(Cr + Mn)/Cy,

Ratios [66]
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parallel to the (111) plane of y. From these observations one may con-
clude that the growth direction [10T0] of M,C, is prevailing.

Experiments have also been made studying the behavior of the M7C3
carbide after various heat treatments. In particular, an alloy of com-
position Cr(20)-Mn(10)-C(3.4)-Fe(bal) was selected for determining the
stability of the M7C3 carbide. It is well known that the transformation
of the M7C3 carbide into the M23C6 carbide may strongly influence mech-
anical properties [6]. The samples prepared by D. S. casting (10
cmh']), were encapsulated in evacuated quartz tubes and heated to 950°C,
1000°C and 1150°C, respectively. It turned out that after tempering at
1150°C for two weeks, no phase chanée occurred. At any rate, inspection
by powder X-ray diffraction was made again on extracted material after
950°C (4 weeks) and the M7C3 carbide remained as the stable phase.

The microstructures (etched with Fry's reagent) of directionally
solidified materials were found to change with increasing annealing
temperatures and time (see Fig. 17). The duplex microstructures at
950°C were quenched into 20°C water, which resulted in the formation of
some martensite in the matrix. At 950°C (4 weeks) the M7C3 carbide
phase remains unchanged with well-defined pseudo-hexagonal morphology.
At 1000°C and 1150°C, the samples were furnace-cooled and the y-matrix
was retained although some coarsening of the carbides is evident after
two weeks at 1000°C. At 1150°C, the carbide morphology becomes giobular
after only one week, followed by further coarsening at two weeks. It is
interesting that despite the various annealing times and temperatures,
the M7C3 carbide micronardness increased from 2100 VHN to a maximum of

2650 VHN.
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1150°C 1 weoek 1150°C 2 weeks

1000°C 1 week 1000°C 2 weeks

Fig. 17 Light Micrographs, Transverse Sections of Cr(20)-Mn(10)-C(3.4)-
Fe(bal), D.S. at 10 cmh'], Annealed at 950, 1000 and 1150°C
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F. Studies on the Molybdenum Cementite phase (& carbide)

From a study of the ternary system Fe-Mo-C, a relatively low melt-
ing area (1100-1150°C) was found close to the conjugation Tine "MoFe,C"-
Fe. Based on this experimental cbservation it was assumed that primary
crystallization of the Mo-cementite takes place in this vicinity. Fol-
lowing such a concept, powder mixtures of 75.9w%Fe (71a%), 20w% Mo(11la%)
and 4.1w%C (18a%) were sintered and placed in an alumina tube and heated
to 1500°C (well inte the liquid region) for one hour. The sample length
of 10cm was exposed to a thermal gradient for 24 hrs with 1150°C as the
target for growth of the Mo-cementite in the liquid. The sample was
then quenched into 20°C water. While removing the sample from the alu-
mina tube, the solidified bar immediately separated at one point expos-
ing distinct crystals, later established to be the Mo-cementite. The
crystals were then extracted in an alcoholic bromine solution and in-
spected by 1ight microscopy and SEM/WDX analyses to determine the chemi-
cal composition. The WDX analysis again confirmed the approximate
atomic metal ratio Mo:Fe=0.5; however, the metal carbon ratio certainly
is larger than 3 (Table 25). The single crystals of the Mo-cementite £
carbide were then inspected with a Gondolfi camera to acgquire a powder
pattern which would be evaluated and compared to the data of Kuc and
Dyson and Andrews (see Table 24). Once confirmed as the Mo-cementite
phase, selected single crystals were crushed and placed in a fine focus
Guinier X-ray camera (Cu-Ka) for precise evaluation of d spacing and
lattice parameters as referred to a silicon internal standard.

The most symmetrical crystals were then mounted for precession

camera work using Mo-Ka. Alignment of the crystals revealed a mirror



Element

C
Fe

Mo

- 86 -

TABLE 25

WDX Analysis of Molybdenum Cementite Single
Crystals (atomic concentrations)

Location (*)
Area 1 Area 2 Area 3 Area 4 Area 5

.179 197 .142 N7 w19
.569 .583 .590 9572 .583
212 .285 274 217 .280

(*) 12 x 12 um scanning area

’A‘ﬂi}x roe
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plane and two 90° angles in the cell. Precession camera photographs
were taken of the zero levels (see Figs. 18 and 19) which established
the (Ok1) and (hO1) reflections along the two unique directions. In
order to record the upper level reflections, a cone axis photograph
(Laue cone axis) was taken and is shown in Fig. 20. This figure pro-
vides information about the crystal symmetry, and the symmetry of each
ring of the photograph is the Friedel symmetry of the corresponding
level of the reciprocal lattice [71]. Figure 20 contains the zero level
(smallest diameter ring) and upper levels 1, 2, 3, and 4. Based on the
diameter of each ring, a value for ¢ [71] was calculated and used to
position the camera forward and obtain the upper-level precession photo-
graphs. The precession photographs were then indexed with the observed
reflections intensity leading to the determination of the systematic
absences in the cell. The conditions limiting possible reflections were
for the general positions hki: (h+k=2n), hOl: (h=2n), and for O0kO:
(k=2n), thus the space group assignment was made to C2/m or C2/c each
with the b axis unique. It should be noted that at this point it was
not possible to discern between these monoclinic space groups because
the same conditions are satisfied in each case; the C2/m was chosen,
however, because of its higher symmetry. It was then possible to com-
pletely index the reflections (single crystal and Guinier data) and the
resulting cell parameters for the monoclinic cell were derived: a =
10.870, b = 7.671, ¢ = 6.563 A and & = 120.1°.

The molybdenum cementite single crystai was then placed in a Picker

four-circle diffractometer employing Mo-Ka radiation. This automated
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Fig. 20 Laue Cone Axis Photograph of a Mo-Cementite Single Crystal
Mo-Ka
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diffractometer collected intensity data for ca 1200 reflections by per-
forming a 28 scan. As the size and shape of the crystal was small and
irregular, an absorption correction was applied to the data set.

The raw intensities were placed into a series of crystallographic
computer programs, from which a set of structure factors corrected for
background were computed, thus removing the 26 dependency. A Patterson
map was then produced revealing the interatomic vectors between peaks
whose intensity is proportional to the product of the number of elec-
trons in each of the two atoms involved. The Patterson map was set up
by uniformly “slicing" the UVW vector space (b axis unique) as u/48,
v/24 and w/24. Knowing that the molybdenum atoms have an electron den-
sity of 1.5 times that of Fe, the heavy-atom method of lccating Mo-Mo
self vectors was applied. Subsequently, Mo-Fe and Fe-Fe vectors each
having reduced Patterson map intensity were located. From such an
approach, the "atomic" coordinates were derived and arrangements of
(repeat units) were sought. Based on these positions, structure factors
were then calculated and compared with the observed structure factors
until the phases were determined. With good agreement between structure
factors, an electron density (difference) map was produced and the re-
maining ligkt atom positions were then obtained.

Prior to complcte determination of the Mc-cementite crystal struc-
ture, scme doubts existed as to the correct formula for this complex
carbide. From the WDX data (Table 25) it turns out that the amount of

carbon is definitely smaller than for "MoFe,C".

2
The number of atoms in the Mo-cementite (¢ phase) can h= inferred

from the density, estimated to lie between Fe3C (p = 7.0 g/cm3) and

)
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Mo3Fe3C (p = 9.00 g/cm3). As there were not a sufficient number of
single crystals for a measurement in a 2ml pycnometer, an estimated
value was obtained by interpolation at both the density for Fe3c and
Mo3Fe3C. A formula of Mo3Fe6C2 seemed to be appropriate. [t became
evident that in addition to the deficiency of carbon atoms from the
stoichomet~ic compositicn, there could be a mixing (substitution) of Fe
and Mo atoms in some atomic positions.

The final reduction of the single crystal data led to a crystal
structure solution which had a residual factor of about 6& Table 24
represents the calculated intensities for the powder pattern of the
Mo-cementite. Figure 21A shows the carbon atom which fills the trigonal
prismatic void in the smaller metal (mainly Fe) environment. In the
case of the larger (preferential Mo) atom environment (Figure 21B), the
carbon occupies the cctahedral voids. Figure 21C shows the bonding
arrangement for the Fel centrosymmetric special positions in the crystal
structure. This configuration can be described as a "trigonal anti-
prism" with Fel as the center of symmetry. Figures 22A and 22B are the
repeat layers that describe the structure. The X positions are voids
which 31ign themselves above or below the Fel atoms. The combination of
these displaced layers is shown in Figure 23, which accurately depicts
the assembled crystal structure. Interestingly, one edge of the tri-
capped trigonal prism is shared between layers, whereby the octahedra
share vertices (corners) only. Some of the octahedral caps appear to be
shared between layers. The edge of *~C trigongl prism, with regard to
the chemical composition of the meclybdenum cementice phase, M34C]0

(Mo]ZFe22C10), rnets the requirements of ratio of metal/carbon larger
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LEVEL 1

Fig. 22A Atomic Arrangement of Molybdenum Cementite (¢ carbide),

Level 1
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than 3 and Mo/Fe somewhat larger than 2. Furthermore, it is clear that
an iron atom could not fit on the (0,0,0) carbon site. The question of
a mixing of Fe and Mo atoms in some of the atomic positions is not
necessary as a satisfactory residual was obtained with an ordered state.

Attempts to form large (1 cm3) arc melted buttons of the ¢ phase
led to formation of the highly stable Mozc and a-Fe phases for various
compositions (see Table 26). Figure 24A shows the arc melted and
annealed microstructures of four compositicns expected to produce the
Mo-cementite phase. Powder X-ray diffraction of the arc-melted buttons
revealed the stable Mozc phase in an a-Fe matrix. Subsequent vacuum
encapsulation of the arc melted buttons and annealing at 900°C for one
week produced changes in the duplex microstructures (see Fig. 24A). An
interesting observation was made when the encapsulated samples were
removed from the furnace when upon cooling, bright-metallic crystallites
nucleated and grew on the inner tube surface, no doubt a result of vapor
transport from the hot sample to the cooling tube surface. X-ray in-
spection of the particles from each composition surprisingly showed the
strong presence of Fe3C and highly crystallized a-Fe phases. Light
microscope inspection of the nucleated crystals revealed needle-like
shapes (whiskers) with some regularly faceted crystallites.

To better understand the Fe-Mo-C phase equilibria, melting point
measurements were made for numerous compositions. These ternary alloy
melting point measurements were made in a Pirani furnace and used in
combination with the Tliterature data (binary and ternary alloys) to
construct a theoretical melting surface. The phase field of the Mo-

cementite appears as a wide plateau existing at 1100-1150°C., Of




Intensity

vw
VW
mst

vst

vst

a-Fe: a

Mo,C: a

Arc-Melted Alloy, Mo

eobs

26.
29.
30.

41.
50.

58.
64.
66.
78.

2.86,A
4.74, A
2.98 A

- 98 -

TABLE 26

ORUGHN .
OF, POOI

(45)-Fe(50.3)-C(4.7) Cr-Ka Radiation

sin2 8 _obs Index Phase sin2 A _obs
L1977 (1070) Mo,C 0.1970
.2410 (0002) Mo, C 0.2333
.2576 (10T1) Mo,C 0.2553
.3208 (110) ¢ -Fe 0.3198
.4304 (1072) Mo,C 0.4303
.5902 (1120) Mo,C 0.5909
.6378 (200) a-Fe 0.6396
.7254 (1073) Mo,C 0.7220
.8187 (1122) Mo, C 0.8242
.8384 (2021) Mo,C 0.8462
.9602 (211) a-Fe 0.959
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Fig. 24A Light Micrographs, of Arc-Melted and Annealed Microstructures
nf Four Fe-Mo-C Alloys
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considerable importance is the observation that between the composition
Fe3C and MoZC exists the Mo-cementite field, and furthermore, the com-
position of the Mo-cementite lies close to the conjugation Tine between
the very stable molybdenum carbide and y-iron. Based on the most recent
literature data for the binary systems Mo-Fe, Fe-C and Mo-C and the
ternary combination [72], the liquidus surface is by and large consist-
ent with Figure 24B. It is assumed that the t-carbide (F921M°2C6) does
not form out of a reaction with liquidus. The following reactions with
liquidus (&) are likely to take place:

1470°C L+ M2C = Mo(s.s.) + M.C

6
1410 L+ Mo(s.s.) = MeC + o
1360 L+o =R+ MC
1270 L+ R=MC+a
1210 L+a=y+ MGC
1150 L+ M6C = Mo-cementite + v
1140 £+ MZC = M6C + Mo-cementite
1130 L= MZC + Cementite + Mo-cementite
1080 2 = Cementite + y + Mo-cementite

t-carbide (Fe21M02C6) might form in a solid state (eutectoid) reaction.

G. Thermal Expansion of M7£3f§nd Fe-Based Superalloys

The X-ray camera used in this study was the Noreico X-86-NII High
Temperature, High Vacuum Diffractometer Attachment made by the MRC manu-
facturing corporation. The camera contains a platinum ribbon element
which is resistance heated in a vacuum (5 x 10'6 Torr) by an AC power
source; Cu-Ka was used throughout this investigation. The diffractome-

ter scanning rate was 1°/min with the maximum 28 of 110 degrees.

e 40 2
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S.S. = SOLID SOLUTION

Mo (S.S)

2620
1536 1450 1480 1610 Mo °C

Fig. 24B The Liquidus Surface for the Fe-Mo-C System
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Specimen temperature was monitored continuously by a chromel-alumel
thermocouple with digital readout. The temperature stability of the
heating element was found to be + 2°C between 20°C and 1000°C.

The heating rate for each specimen was approximately 200°C/min with
a one-hour stabilization period at each level of temperature. The pro-
cedure for thermal cycling in this work was as follows:

1) record reflections at room temperature without prior heating,

2) heat to desired temperature level, obtain data, and return to

room temperature to ascertain that the sample is unchanged,
etc.

The diffractogram data are then indexed with the final cell metrics
(volume) determined by a computer program which uses satisfactorily
indexed peaks to compute new cell parameters by least square refinement
(67].

Thermal expansion coefficient measurements were made for extracted
M7C3 carbides. The initial composition was 20w%Cr, T0w%Mn, 3.4w%C bal-
ance fe. The bars were directionally solidified at 25 cmh'.  As was
shown previously, the carbide will be enriched in chromium, while man-
ganese enters the austenite phase [61, 68]. Thus, for the above-
mentioned initial composition, the carbide composition for chromium and
manganese is to be 45 and 10w%, respectively, which compares well with
EDAX analysis for these two elements [3]. The lattice parameters for
the extracted M7C3 carbide was found to be a = 13.92 and c = 4.52 ;,
values which are close to those for an arc melted alloy of composition
Feqq gMny glrg (G consisting of M,C; and y. It has to be mentioned

that the evaluation of the c-axis always displays some scattering

(68, 3].

f-
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The lattice parameters depending on temperature are shown in Fig.
25. The linear expansion for the a-axis and c-axis differ remarkably;
this means that the thermal expansion of the M7C3 carbide is  highly
anisotropical. The thermal expansion coefficient is shown in Fig. 26.
As compared to the thermal expansion of cementite (Fe3C). the anisotropy
of the M7C3 carbide is much more pronounced. Nevertheless, the linear
(average) expansion coefficient lies between 8 to 11 x 1076 deg'1 and is
in the vicinity of cementite and (Fel_anx)3C [69].

Thermal expansion coefficient measurements were also carried out
for the composite alloy Cr(20)-Mn(10)-C(3.4)-Fe (bal) 1in the chill cast

6 deg'1 was found for a solid

state (Fig. 27). A value of 22.1 x 10~
sample which can be considered as a random distribution of the
M7C3 carbide in the y-matrix. It compares relatively well with an ex-
trapolated thermal expansion coefficient for pure y and austenite (hav-
ing 0.81lw% carbon) [70].

The M7C3 carbide extraction, which was done as previously described
(68] was examined by SEM. From Fig. 28 one can clearly see the oriented
bundles of the M7C3 fibers. The conclusion can be made that the length
of the fibers may go wup to 500 um or more. In order to find out the
orientation of these carbides particularly relative to the matrix, an
isolated carbide fiber was rotated in an X-ray powder camera with the
growth direction perpendicular to the X-ray beam. The powder pattern
which resulted is shown in Fig. 29A; the evaluation is listec in Table
27. The strong preferred crystallographic orientation is obvious. The

indices (equator) are seen to be of the (hkio) type as expected. This

is evidence for c-axis alignment of the M703 in the growth direction of
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Fig. 25 Thermal Expansion of Extracted M7C3 Carbide, Lattice Parameters
vs. Temperature
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Fig. 26 Coefficients of Thermal Expansion for Extracted M7C3 Carbide
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Fig. 27 Thermal Expansion of Cast Alloy Cr(20)Mn(10)C(3.4)Fe(bal)

y-Matrix Lattice Parameter vs. Temperature ;
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Fig. 28 Scanning Electron Micrographs of Extracted Carbide Fibers

Produced by Directional Solidification
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the directionally solidified (D.S.) material. In addition, a needle-
shaped part of the alloy was diamond-machined from a D.S. bar and again
oriented, by and large, parallel to the carbide c-axis. The X-ray pat-
tern, Fig. 29B, confirms the orientation of the carbide fibers; however,
it demonstrates a wider scattering of the orientation. The feature of
the y-matrix is much less pronounced; nevertheless, an epitaxial inter-
growth is visible. A more detailed examination was made from transverse
sections of Cr(20)-Mn(10)-C(3.4)-Fe(bal) processed at 5 :mh'1. Figure
30 is a transmission electron micrograph showing the faceted carbide
grains in the y-Fe matrix. As expected, the interface between the
matrix and carbide is a highly dislocated region reflecting the lattice
mismatch. Also shown in Fig. 30 is the selected area diffraction pat-
tern (SAD), which contains diffraction spots from both the carbide and
the matrix. Or. D. D. Pearson has determined that the c-axis of the
carbide is aligned parallel to the [112] matrix direction.

With respect to directional solidification, various alloys with
changing chemistry have been inspected for different growth rates, as
seen in Table 28. The main result is that good alignment vanishes if
the amount of molybdenum cr aluminum is relatively high. Examples of
microstructures for alloys having fairly Tlarge amounts of aluminum
and/or molybdenum with poor alignment are seen in Figs. 31 and 32.
These additions were made in an early state of the development of iron-
based superalloys, when the improvement of high temperature mechanical
and corrosion resistance was recognized as a major aim [68]. For com-
parison, Fig. 33 shows well-defined carbide fibers as hexagons in the
transverse section of the alloy Cr(20)-Mn(10)-C(3.4)-Fe(bal) direction-

ally solidified at 10 cmh']. Microhardness measurements for the M7C3

- g
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Fig. 30 TEM Photomicrograph of Directionally Solidified Cr(20)-Mn(10)-

C(3.4)-Fe(bal) Processed at 5 cmh']; Transverse Section
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Fig. 32 As Figure 31, Alloy A83-204, and A83-206, 3 cmh'l
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Fig. 33 As Figure 31, Alloy Cr(20)Mn(10)C(3.4)Fe(bal), 10 cmh']



- 115 -

carbide produced values between 1800 and 2100 VEN, The matrix has a
hardness of ca 400 VHN,

H., Impact-Sliding Wear of Iron and Nickel-Based Superalloys

This part of the investigation examines the impact-sliding (8 ms'l.

69 MPa) wear resistance of selected chill cast and aligned eutectic
Fe-base superalloys against M42 and 17-4 PH steel counterface materials.
The tests with the aligned material were run with the carbide fibers
perpendicular to the counterface contact surface and the characteriza-
tion focused on fracture processes as observed in the subsurface micro-
structure of the worn materials. Detailed metallographic analyses
(taper and profile sections) were performed on specimens exposed to
various numbers of repetitive impact load cycles (up to 100,000). For
comparison, two other aligned in-situ composites (y-y'-é and y'-Mo) were
tested with the same fiber orientation under identical test conditions
against hardened M42 tool steel.

As mentioned earlier, one promising approach to achieve superalloy
properties involves processing Fe-rich eutectic compositions by
directional solidification in order to procuce an in-situ aligned
microstructure.

Earlier wear studies on aligned eutectic materials were conducted
with cobalt-based alloys which were directionally reinforced by tantalum
carbide fibers [73]. In that work, the TaC fibers were found to frac-
ture when the material was exposed to repetitive impact sliding contact.

At a relative transverse sliding velocity of 2.1 ms”!

, the more ductile
a-cobalt matrix was found to plastically deform and undergo a phase
transformation to B8 cobalt as determined by powder x-ray analysis of

wear debris [73]. Related to this, Buckley found a strong increase in
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the cobalt wear rate with temperature because of the allotropic trans-
formation at 420°C [74].

With respect to iron alloys, a great deal of attention has been
paid to the wear resistance of white [75,76,77,78] and grey cast irons
[79-84], as these materials frequently are used as abrasion-resistant
machine parts. Throughout these various investigations, the role of
matrix/carbide stability, hardness, volume fraction, eutectic carbide
spacing, capacity to work hardening, carbide orientation and morphclogy,
have been examined under various contact pressures, velocities, impact
conditions, and test environments. Each of these factors has been found
to be significant in determining compcsite material wear resistance.

With cast irons, the addition of chromium has been shown to sta-
bilize the M7C3 and y-Fe phases and to improve the wear resistance [75].
The work of Thorpe et al. [85], has demonstrated that duplex eutectic
carbides exist in Fe-Cr-C alloys (a core of M7C3 and a shell of M3C).
The structure and morphology of these carbides are two determinants of
mechanical properties and wear resistance [85].

The most recent transmission electron microscope study by Pearce
has shown that for 30% Cr iron, there is some strain-induced martensite
which forms close to eutectic M7C3 carbides due to abrasive wear [86].
The increase in microhardness, as usually observed near friction sur-
faces, was attributed to plastic straining of the austenite and the
phase transformation to martensite.

While a great many wear studies deal with steady-state conditions,
some very dctailed experiments by Blau [87] have pointed out the impor-
tance of the "precursor" events that establish the wear surface state

during the initial stages of friction and wear tests. Accordingly, the
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first part of this test program was designed to evaluate both precursor,
and comparative repetitive impact-sliding wear resistance of the newly
developed Fe-based eutectic superalloys in both chill cast and aligned
microstructural configurations.

The second part of this study concentrates on the metallographic
aspects of the worn iron-rich superalloy's microstructure. It has be-
come apparent that scientific advancements in the area of wear of
materials often depend upon interpretation of metallographic data. 1In
fact, microstructural changes can serve to support theoretical predic-
tions or to illuminate states of various wear processes [88-90]. It is,
therefore, essential that accurate microstructural features be revealed
when investigating the wear of materials. Indeed, metallographic proc-
esses such as sectioning, polishing, and etching, can introduce mislead-
ing artifacts and mask important microstructural information [91,92].

Various investigators have recognized the value of sound metal-
lographic techniques. For example, the significance of "damage" in-
troduced to the sample during metallographic preparation has been dis-
cussed in detail by Samuels [93], and is recognized to be an important
factor in wear research [91,92,94].

The interpretation of subsurface features in worn microstructures
depends upon the cross section as taken through the sample. The "normal
section" (perpendicular to the wear surface) is most popular in wear
studies 2nd has been used to assess subsurface hardness profiles
[95,96,97] and surface layer formation [98-101]. As a means of enhance-
ment, taper sections have been used with some success [91,93,102], al-
though quantitative determination obviously becomes more complex.

Serial sections also have been used for crystal "reconstruction" [103]
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and full characterization of near surface phenomena in the grinding of
metals [104].

When microstructural inspection for wear damage is performed by
transmission electron microscopy (TEM), particular care must be taken to
not introduce artifacts into the samples, as any slight changes in
structure are easily detected. The recent TEM work of Heilmann et al.
[101], Salesky and Thomas [105], as well as that of Pearce [86] attest
to the importance »f wear sample preparation. Various metallographic
techniques have been applied to the analysis of a newly developed iron
base superalloy subjec:ed to impact-sliding contact. In this present
investigation, wear specimens were subjected to various load cycles, and
metallographic examination of the subsurface was accomplished with pro-
file, taper, and serial sections taken with respect to the relative
sliding direction.

1. Materials and Methods

The materials used in this investigaticn were 17-4PH steel and the
new superalloy Cr(20-Mn(10)-C(3.4)Fe(bal). The iror-rich superalloy
used as the "pin" specimen was fashioned from directionally solidified
(10 and 25 cmh']) bars. The resulting microstructure consisted of y-Fe
solid solution reinforced by the M7C3 (M=Fe, Cr, Mn) carbide phase. The
tests were performed using two different counterface materials: a hard
high-speed tool steel (M42) and a softer martensitic (17-4 PH) stainless
steel (see Table 29).

The geometry of the pin and disc are shown schematically in Fig.
34, The flat-ended pin is a ~*epped shaft with a minor diameter of
3mm, The disc has a diameter of 25 mm and a 2 mm thickness. The

impact-sliding wear tests were performed with the apparatus developed by
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Rice [106]. The relative transverse sliding velocity was 8 ms'] with a
nominal contact stress of 69 MPa in a laboratory air environment. The
disc surfaces were ground to produce an average before-test surface
roughness of 0.2 um. The pins were abraded against 600 grit SiC paper
for 1000 repetitive cycles to "run-in" the surface and establish the
base line microstructural configuration. As standard procedure, the
pins were examined following this run-in processing and confirmed to be
free of damage. It should be noted that this procedure also ensures
planar contact between pin and disc test surfaces during impact load
cycling.

The wear tests were performed for 500, 1060, 10,000, and 20,000
repetitive impact-sliding cycles, thus allowing for study of the evolu-
tion of microstructural changes. Following testing, the wear pin was
sectioned 3 mm below and parallel to the worn surface using a Buehler
thin diamond wafering biade and an Isomet Low Speed saw Tubricated with
Isomet cutting fluid. The sections were then immersed in ethanol and
agitated to remove the residual oil and cutting debris. The 3 mm long
cylinders were then oriented to allow for either profile or taper sec-
tioning through the worn surface. Figure 35 illustrates the four metal-
lographic section planes as referred to the sliding direction and pin
axis. The mounting procedire for the profile sections (Fig. 35 Types A
and C) simply utilized a cement (cyanoacrylate) to attach the unworn
cylinder onto a nut which served as a jig. The pin alignment was
accomplished opticaily to achieve the normality conditions shown in Fig.
35, Types A and C. The taper sections shown in Fig. 35, Types B and D,
were taken at 5° from the wear surface. This was accomplished by first

preparing a rectangular (9 mm x 13 mm x 13 mm) steel fixture which
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contained a "channel" carefully ground to a 5° orientation with a 3 mm
depth. The worn samples were then oriented in this channel to achieve
the conditions in Figure 35, Types B and D. The various arrangements
were then independently mounted by hot pressing (2,500 psi, 150°C, 15
min.) with Epomet molding compound. The molded samples were then ground
with water Tubricated 120 grit SiC until one-half of the wear pin diame-
ter was measured. In the case of the taper sections, grinding was con-
tinued until the jig (but not the wear pin) was visible. Subsequent
polishing steps were 240, 400 and 600 grit SiC at Tow speed in water.
Normal sections were rotated 90° between steps while taper sections were
turned only slightly such that the wear surface was maintained as the
"leading edge." This was done to maintain the worn surface region in
compression so as to minimize urwanted cracking as reported by Torrance
[91]. Rough polishing was accemplished on a concentric grooved lead lap
wheel (100 rpm) charged with 15 um diamond paste; the lubricant was a
solution of kerosene and 0il. Following ultrasonic cleaning in ethanol,
an identical lead lap with 6 mm diamond was used to achieve a mirrorlike
appearance. final polishing was done with 0.05 um chromium oxide on
synthetic velvet which covered a plexiglass wheel; distilled water was
the Tubricant. Chemical etching was not used with light microscopy;
however, Fry's reagent was employed for the scanning electron microscopy
work.

2. Wear Against 17-4 PH Steel

Weight change measurements were made on superalloy pins and 17-4 PH
steel discs at 5,000, 10,000, 15,000, and 20,000 repetitive load cycles.
Severe wear of the 17-4 PH steel by each pin was observed and testing

stopped after 20,000 cycies. Each pin experienced some degree of weight
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gain, attributed to material transport of the 17-4 PH steel onto the
pin.

3. Wear Against a Hard Counterface

The comparative wear resistance of the iron and nickel-based super-
alloys is shown in Fig. 36 as weight loss vs. repetitive impact-sliding
cycles. The y'-Mo and y-y'-6 alloy experienced "mild" weight loss fol-
Towing 100,000 cyies with Tittle or no wear of the M42 disc. The iron-
base alloy in the chill cast condition, however, did wear considerably
following 20,000 cycles with no detectable wear of the M42 counterface.
Surprisingly, the same iron-base alloy in the directionally solidified
condition is observed to wear the M42 material dramatically without
incurring any weight loss itself. This is strong evidence for the in-
fluence of microstructurai configuration on the wear resistance of
alloys.

4., Inspectiin of the Subsurface Microstructure

The interpretation of subsurface microstructural changes which
result from wear processes can be described through the use of the sub-
surface zone model shown in Fig. 37. This representation consists of
Zone 1 as undisturbed base material. Zone 2, the intermediate region,
is plastically deformed, and Zone 3 is an interfacial Tayer which can be
a mixture of pin and disc materials and the test environment.

Figures 38A, 38B, and 38C show profile sections (see Fig. 35) taken
through y'-Mo, y- y'-6 and the Fe-base superalloy respectively. After
100,000 cycles, the micrographs of the nickel-base alloys in Figs. 38A
and 38B show the reorientation of the aligned phase (Zone 2) and some
indication of a chemically distinct (Zone 3) surface layer. The Fe-

alloy (D.S. 25) contains cracks which are oriented in the direction of

Sl
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Fig. 38A Light Micrograph, Profile Section of y'=Mo, 100,000 Cycles,

M42 Counterface; Fig. 38B, as Fig. 38A, y-y'-8; Fig. 38C, as

Fig. 38A, Fe-Base Superalloy D.S. 25cmh”!
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the aligned phases (Fig. 38C). The Zone 3 surface layer is more pro-
nounced on the Fe alloy. Inspection at higher magnification reveals
more detail in the near surface region (see Figs. 39A-39D). In Fig. 39A
the y'-Mo aligned structure is reoriented by nearly 90° beneath the wear
surface, and apparent mixing of the M42 and y'-Mo materials occurs
within Zone 3. The nickel base alloy yy'-6 (Fig. 398) reveals many
cracks appearing in Zone 3. Interestingly, a propagated crack path
develops into Zone 2, following the matrix/fiber interface and termi-
nates by penetrating the aligned y'- phase. In comparison, the Fe-base

superalloy is seen in Figures 39C and 390 for the D.S. 25 c:mh'1

and
chill cast conditions following 100,000 cycles. In this, the highly
wear resistant D.S. material (Fig. 39C) contains subsurface cracks which
follow the aligned carbide phase along intergranular and transgranular
paths. The Zone 3 layer appears securely bonded and tends to "fill" the
near surface crack opening. In contrast to this behavior, the chill
cast microstructure contains cracks which are nearly parallel to the
wear surface and which do not penetrate into the substrate. The Zone 3
layer is not apparent for the chill cast material.

The profile sections of Figures 38 and 39 give a planar view of the
worn subsurface, while taper sections can provide insight into three-
dimensional crack paths. Figures 40A-40D are taper sections (see Fig.
35B and 35D) through the iron base superalloy following testing against
17-4 PH steel. Figures 40A and 40B show the 10 cmh'] and 25 cmh'] D.S.
pins following after 500 cycles. A crack network exists in Zone 2, with
propagation into the apparently homogeneous Zone 3 layer. The chill

cast material (Fig. 40C) contains fewer cracks following 500 cycles, but

after 20,000 cycles (Fig. 40D) a coarse crack network develops. In
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this, penetration is deep into the subsurface material, as found in the
directionally solidified specimens.

5. Subsurface Damage

In the light of the various microstructural changes encountered in
this investigation, the importance of material transport becomes a key
issue, For the case when no disc wear was produced, the Fe-base alloy
(chill cast) did not form a thick, adhered Zone 3, but did suffer from
subsurface cracking (see Figs. 390, 40C and 40D) leading to severe
weight (volume) loss. In contrast, the same Fe-base allcy in the direc-
tionally solidified configuration formed a strong interface Zone 3
region (see Figs. 38C and 39C). The D.3 wear pin of Fig. 38C did con-
tain periodically spaced cracks that are no doubt related to the aligned
structure. However, these cracks propagate along the carbide or
carbide/matrix interface and terminate in the substrate (the Zone 2/Zone
1 interface). Based on such a comparison, it appears that the Zone 3

Tayer serves to transmit interfacial shear stresses and/or to "flow."

Detailed Metallography of Iron Rich Superalloy Wear Prior to Steady

State

Based upon the microstructures obtained thus far, a more detailed
examination seemed necessary to understand the early stages of the wear
process.

The conventional profile section (see Fig. 35A) of a worn pin after
1000 cycles is shown in Fig. 41A and reveals the aligned duplex micro-
structure of the superalloy. From this point of view, subsurface cracks
are observable and favor the matrix/carbide interface, within the Zone 2
region, Increasing the cycie to 10,000 produces a similar Zone Z re-

gion; however, the development of a Zone 3 layer is apparent in Fig.

)
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418. This Zone 3 is bonded to Zone 2 and is <een to contain a con-
tinuous crack which cou'd obviously lead to debris formation. For
comparison, Figuress 41C and 41D represent the section plane of Fig.
35C taken at 1,000 and 10,000 cycles, respectively. Figure 41C clearly
reveals the refinement of the carbide phase; however, the cracks of
Figure 41A are not present but a thin Zone 3 is detectable. Figure 41D
reveals the unexpected crack path as viewed parallel to tne sliding
direction. The surface roughness profile is obtained in Fig. 41D and
subsurface cracks are continuous batween Zones 2 and 3. Crack branching
is found in Zone 2 and evidence for mixing is seen in Zone 3.

From observations of the profile sections, the appearance of the
subsurface zones is markedly different and each view (Fig. 41A to 41D)
offers a unique perspective to the worn microstructure.

Turning to the taper section (see Fig. 35, Type D), still another
view is obtained which exposes the subsurface crack network. Figures
42A and 42B are taper sections following 20,000 load cycles on the 10

cmh']

and 25 cmh™ solidified materials. Fig. 42A contains a finer
network of cracks, primarily confined to Zone 2. At the higher solidi-
fication rate, the crack network does not penetrate as deeply into Zone
2 and continuous crack paths tend to favor the Zone 2/Zone 3 interface
with less branching. Although the volume fraction of carbides is the
same for Figs. 42A and 42B, the carbide spacing differs, and obviously
influences the subsurface fracture processes.

The final taper section (see Fig. 35, Type B) was performed on a 25

cmh'1

directionally solidified specimen following 10,000 cycles. This
section focused on the crack orientation and spacing and Fig. 43A pro-

vides insight into the behavior of cracks at the Zone 2/Zone 3
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0.8, 16 cmn !

Fig. 42A Light Micrograph, Taper Section as Shown in Fig. 350,
N = 20,000 Cycles, D.S. at 10 cmh”

Fig. 428 As Fig. 42A, D.S. at 25 cmh™|
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interface. The cracks in Zone 3 are regularly spaced and criented nor-
mal to the sliding direction. A close inspection of thke right side of
the section (Fig. 43B) shows a region where Zone 2 ind Zone 3 are
securely bonded and cracks are found to branch into Zone 2 and continue
through Zone 3. In contrast, Fig. 43C is a region where Zone 2 and Zone
3 appear less strongly bonded. The result is suggestive of a mechanical
mixing within Zone 3, and the cracks do not penetrate as deeply into
Zone 2. The difference between Fig. 43B and 43C probably stems from
different load cycling experienced by the leading and trailing ends of
the specimen.

Table 30 illustrates an increase in the Zone 2 hardness with in-
creasing number of load cycles. Table 30 further shows the Zone 3 de-
velopment Teading to a "steady state" thickness for this layer. Inter-
estingly, Zone 3 has an intermediate hardness of 1,060 V.H.N. which Ties
between Zone 1 (400 V.H.N.) and the bulk carbide hardness (1,900
V.H.N.). The average spacing between cracks decreased slightly with
increasing cycles, while the thickness of Zone 2 was observed to remain
nearly constant throughout the tests. This suggests that cracks initi-
ate early and penetrate to a terminal depth from the surface. Further
growth is in the form of lateral branching with increasing numbers of
impact cycles. This branching has been added to the primary crack
length to give the average crack length data in Table 30.

The scanning electron micrograph in Fig. 44A presents a worn pin
which contains the actual wear surface with associated 1ight micrographs
of the prufile (Fig. 44B) and taper sections (Fig. 44C). From such

data, the advantage of combined metallographic sections is apparent.
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IV, Discussion

The development of iron-rich low-cost superalloys has been pursued
from two different approaches, which differ in their chemistry and proc-
essing. The first approach was to process all alloy compositions by
chill casting, as this is the conventional means by which automotive
engine components would be produced. The initial alloys (NASAUT 1 to
NASAUT 12) screened the influence of major chemical changes to the basic
Fe-Cr-Mn-C system. Keeping in mind that the microstructure of y-Fe
matrix with M7C3 carbide was desired, the alloying elements Mo and Al
were added in varying proportions. The resulting phase equilibria (see
Tables 1 and 2) revealed that the M7C3 carbide was not coexisting solely
with the y matrix, but was rather a mixture with the M23C6 or MZC car-
bides. The presence of the MZC is explained by the previous work of
Gupta [43] who found that Mo favored the M,C over the M,C5. The higher
ameunts of chromium, thought initially to stabilize the M7C3 carbide are
seen to also form M23¢6 at higher concentrations. This observation was
also made by Lemkey et al. [3] (see Fig. 7) in the Fe-Mn-Cr-C system.
The initial screening of the ailoy candidates was done by mechanical
property measurements and cyclic oxidation tests. Based on these tests,
the influence of alloy chemistry produced a range of ductile, strong,
and oxidation resistant materials. Two specific compositions, NASAUT 1
and NASAUT 4, were identified as having the most promising combination
of properties and suitability for further modification. The chemical
modifications were made later on with Mo, Al, Si, Nb, and carbon addi-
tions. It became clear that NASAUT 4G Mn(15)-Cr(12)-Mo(3)-C(1.5)-
Si(1.0)-Nb(1.0)-bal Fe was the best alloy for oxidation resistance and

appeared to be stronger at higher stress levels [107]. Good creep
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ductility was also obtained with temperatures up to 870°C. At this
point, ground tensile samples were exposed to flowing hydrogen for 100
hours at 788°C and tested at 24° and 788°C showing a small loss in
strength and ductility. Modifications were then made on NASAUT 4GA by
adjusting the Cr, Mo, and Nb concentrations, producing alloy 4GAl,
Mn(15)-Cr(15)-Mo(2)-C(1.5)-Si(1.0)-Nb(1.0)-bal Fe, which optimized the
desired properties. Reactive metal additions were made to the 4GA
alloys with La, Ce, Hf, and Y to improve the oxide stability and adher-
ence [1081. After cyclic oxidation testing, the oxide which developed
on the test bars was identified as a mixture of cubic B-Mn203 (a = 9.424
R), spinel and u-Fe203. With the exception of the Y additions by them-
selves, excellent cyclic oxidation resistance was obtained. At this
stage of development NASAUT 4GA1 emerged as the alloy for more advanced
performance evaluation, thus high cycle fatigue tests were done (R ratio

! 9max
This endurance 1imit was found to be 241 MPa for NASAUT 4G-Al which is

Onin of 0.1 at 20 Hz) with the endurance limit set at 10’ cycles.
superior to the comparable alloys X-40 and equivalent to XF-818 [109].
The identification of alloy NASAUT 4GA1 was, in essence, the major find-
ing of the cast iron alloy development task.

Another aspect cof this work was the clear understanding of the
carbide phase molybdenum cementite "MoFeZC." This carbide phase could
easily exist within the various alloy modifications and contribute to
the properties. As mentioned earlier, very little attention has been
paid to this important phase and there is a lack of references and re-
search data in the field of Cr-Mo steels. The recent work of Craig [62]
has pointed to this fact and his investigations have shown that “MoFeZC“

is responsible for the strengthening of 4140 steels. Interestingly,

S )
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Craig has stated that the Mo-cementite does not form out of a reaction
sequence with Fe3C as previously proposed by Dyson and Andrews [63]. In
fact, Craig showed evidence for the formation of "MoFeZC" in the pres-
ence of NbC, which may act as a nucleus. This observation is pertinent
to this investigation, as NASAUT 4GA1 contains the necessary elements to
develop the Mo-cementite precipitates. It is not known whether this
carbide phase is beneficial or deleterious to the alloy behavior in
general and its kinetics of formation is not known. It then became
apparent that the "MoFeZC“ phase deserved further investigation. The
earliest work by Kuo and Dyson and Andrews identified the carbide phase
from a polycrystal isolated by chemical extraction. Based on powder
patterns, Dyson and Andrews proposed an orthorhombic crystal structure
for Mo-cementite with a relatively large cell size. Indexing of 2lec-
tron diffraction patterns [63] did not really confirm this crystal
structure, posing the technical challenge of accurate crystal structure
determination.

The approach taken in this investigation was to grow single crys-
tals of the Mo-cementite and solve the structure by conventional X-ray
crystaliography techniques. This resulted in the new monoclinic cell
description which is roughly one fourth the volume of the previously
proposed orthorhombic cell. The new crystal structure is seen to be
made up of trigonal prisms and octahedral structural elements configured
with the metal atoms. The carbon atoms occupy the voids in metal octa-
hedra and metal trigonal prisms. The accurate chemical formula for the
molybdenum cementite derived from the crystal structure determination is

Mo C10. There remained some question of Mo and Fe atom occupancy

12F¢22
which could lead to partial mixing between atomic sites. This was
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checked by varying the isotropic and anisotropic temperature factors for
each atom which proved that within the standard deviation, no metal atom
mixing was probable. It should be mentioned that the obtained R-value
of 6% is most satisfactory.

The second approach in this program was to study the effects of
processing on the properties of the Fe-Cr-Mn-C base alloy. This work,
as contrasted to the cast alloy modifications for the Stirling engine,
was aimed at gas turbine applications. To achieve the necessary high
temperature superalioy properties, processing of the eutectic composi-
tion Fe-(20)-Cr-(10)Mn-(3.4)C was done by directional solidification.
This resuited in a structure with M7C3 carbide fibers aligned in a y-Fe
solid solution matrix. At the onset, it was obvious that this unique
processing would provide the strength [3] currently obtained with nickel
base superalioys although Tittle was known about the structural inter-

play between the M7C3 and y-Fe phases. In this work, the D.S.

S.S.
alloys were further evaluated for thermal expansion, fiber orientation,

by means of X-ray and electron diffraction, and wear resistance. By

extracting the M7C3 carbide phase, the thermal expansicn behavior was

shown to be strongly anisotropic with the a-axis changing significantly
from room temperature to 800°C. In contrast, the c-axis change was
barely detectablie. This has significance with regard to the alloy sta-
bility at elevated temperature beacause the D.S. processing produces an
epitaxial relationship between the aligned M-,C3 and y-Fe matrix. Since
there is an inherent difference between the thermal expansion co-
efficients of the cubic matrix and the hexagonal carbide, interfacial
stress will exist. The measurements made in this work show that sig-

nificant lattice mismatch will be preferentially produced along the
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fiber/matrix interface at elevated temperatures. Transmission electron
microscopy of transverse sections of Fe-(20)Cr-(10)Mn-(3.4)C processed

at 5 cmh']

revealed the c-axis of the carbide aligned parallel with
[(112Y the matrix. X-ray diffraction of extracted carbide whiskers also
showed strong texturing of the M7C3 with c-axis alignment in the growth
directicn, It 1is believed that due to Lattice mismatch and thermal
expansion behavior, the D.S. composites will produce hcop stresses which
may influence the mechanical properties, especially thermai fatigue
resistance at elevated temperatures.

Since the solidification behavior of the Fe-Cr-Mn-C alloy displayed
strong coupled growth, compositional changes were examined as well as
various growth rates to regulate carbide distribution, spacing and sta-
bility. Chemical additions of Al, Mo, and Si proved to complicate the
directional solidification growth mechanism of the alloy leading to
undesirable dendritic microstructures. The M7C3 carbide stability was a
point of concern, as the earlier eutectic alioy research of Boomgaard
(18], showed a deleterious phase transformatiun of Cr7C3 to M23C6 at
elevated temperatures. However, this current investigation has proven
the (Fe.Cr,Mn)7C3 to be a very stable phase after two weeks at 1150°C
and four weeks at 950°C. Changes in the directionally solidified car-
bide morphology were more apparent at the higher temperature, which is
attributed to coarsening.

Another property of considerable interest is the wear resistance of
the directionally solidified alloy. Earlier research with cobalt/
tantalum carbide (COTAC) eutectics showed a very high resistance to
impact-sliding wear when the fibers were aligned perpendicular to the

sliding direction [72].

5
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The supposition in this current work was that the wear resistance
of the directionally solidified microstructure would be superior to that
produced by conventional chill casting. Furthermore, since the rupture
strength of the D.S. Fe-(20)Cr-(10)Mn-(3.4)C was equivalent to nickel
base alloys, its impact wear behavior would also compare favorably.

The structure and morphology of the carbide phases in the cast iron
alloys are controlled by processing and ultimately determine the mech-
anical properties and wear resistance. When the Cr(20)-Mn(10)-C(3.4)-
bal Fe alloy was tested by impact wear against 17-4 PH steel, almost no
wear of the superalloy was observed. The softer 17-4 PH steel was
severely worn and adhesively transferred: onto the superalloy pin which
actually gained weight during the wear test. This behavior was true for
both chill cast and directionally solidified microstructures.

When a hard M42 tool steel was used in place of 17-4 PH steel, then
the effect or processing became apparent. The iron base superalloy
suffered considerable wear in the chill cast condition without wearing
the M42 counterface. Directionally solidified material surprisingly
wore the M42 a great deal without incurring any weight (volume) loss
itself. The influence of the microstructure is apparent and the role of
the aligned carbide phase is to greatly improve the alloy's wear resist-
ance. Since the volume fraction of carbide phase is a constant between
the chill cast and D.S. materials, the columnar fibrous carbide serves
to "machine" the counterface and resist deformation. Figure 36 shows
that the impact wear resistance of nickel based D.S. alloys compares
favorably with the iron base alloy. Subsurface microstructural inspec-
tion of these D.S. alloys after wear revealed a reorientation (bending)

of the aligned phases into the sliding direction, with some cracks.
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These cracks were usually found in Zone 3, a deposited surface layer
which was chemically distinct from the substrate. This interface layer
results from mechanical mixing of the pin and disc materials over a 100
um distance, Depending on the reactivity of the worn surfaces with the
air atmosphere, oxides of the metal components may also be present. The
crack paths in the iron base alloy appeared to follow the carbide/matrix
interface with some transgranular fracture. The adhered layer (Zone 3)
on the superalloy was frequently seen to fill the crack openings, thus
the plastic flow of this material obviously is very high. Taper sec-
tions through the worn surfaces showed that beneath the adhered layer
was a three-dimensional crack network which was linked to the homo-
geneous Zone 3. The chill cast materials had a coarser network than did
the directionally solidified microstructures. There is no doubt that
the different carbide configurations allow various crack networks to
develop, in the case of D.S. material. Based on the microstructural
evidence in Figures 38A-38C and 40A-40D, it appears that the Zone 3
layer serves to transmit interfacial shear stresses to the substrate.
Depending on the degree of bonding between Zones 2 and 3, more near
surface damage can exist in Zone 3 (weak bond situation) and thus debris
stems from the region. When a strong bond is produced, Zone 3 transmits
higher stresses to Zone 2 as demonstrated by the consequent subsurface
deformation (Figs. 38A, 38B, 38C) and attendant fracture processes
(Figs. 40A-40D).

The influence of the solidification rate on wear resistance for the

! and 25 cmh'1 materials.

iron base superalloy was examined for 10 cmh™
At the higher processing rate. worn materials contained subsurface crack

networks which did not penetrate deeply into the substrate because
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continuous cracks tended to favor the Zone 3/Zone 2 interface. The
spacing of the curbide fibers is thought to be the reason for differ-
ences in the crack networks.

The effect of load cycles is seen in Table 30 which details sub-
surface zone thickness and hardness. After 1,000, 10,000, anrd 20,000
load cycles, Zone 3 on the iron base superalloy develops to a steady
state configuration. By 10,000 cycles, Zone 3 is 25 um thick and has a
hardness of 1060 V.H.N. which is maintained up to 20,000 cycles. Inter-
estingly, the cracks which form in the subsurface of these worn samples
grow in length with increasing cycles. Intuitively, the crack spacing
is expected to decrease as cycles increase and the population of cracks
seems to go up; however, the scatter in this measurement does not allow
for this confirmation in Table 30.

This work has shown that multiple metallographic techniques are
needed to accurately describe the subsurface microstructural changes
induced by impact-sliding wear. With increasing load cycles, cracks
grew to a terminal depth and continued grawth by lateral branching, with
a decrease in average crack spacing. A combination of profile and taper
sections has proven to be useful in determining subsurface crack be-
havior in an iron base superalloy. Furthermore, this portion of work
has shown that material transport between mating material pairs is an

influential factor which regulates the subsurface crack behavior.

5 5
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Conclusions

A low-cost iron base superalloy has been identified as NASAUT 4GAIl
Cr(15)=Mn(15)-Mo(2)-C{1.5)=Si(1.0)-Nb(1.0)-Fe(bal). This alloy
when processed by conventional chill casting has physical and mech-
anical properties at elevated temperatures which compare favorably
with existing nickel base superalloys while containing signifi-
cantly lower amounts of strategic elements.

Studies on the molybdenum cementite phase have proven that the
crystal structure of the ¢ phase is not orthorhombic. The molyb-
denum cementite has a monoclinic cell (space group C2/m) a=10.870,
b=7.761, ¢=6.563 R and 8=120.1° with a volume approximately one
fourth the size of the previcusly proposed cell. The crystal
structure of the Mo-cementite (¢ phase) is made up of octahedra
building elements consisting of 4 Mo and 2 Fe-atoms and trigonal
prisms consisting of 4 Fe and 2 Mo-atoms. The voids are occupied
by carbon atoms.

The previous chemical formula for the molybdenum cementite "MoFeZC“

is now clearly seen to be Mo]ZFeZZC]O.

The thermal expansion of the M.C, (M=¢fc,Cr,Mn) carbide is highly

anisotropic with the a-axis being the predominant mode of
expansion.

Directional solidification of the Cr(20)-Mn(10)-C(3.4)-bal (Fe)
eutectic produces an aligned microstructure consisting of
M7C3 fibers in a y-Fe matrix. This good alignment vanishes when

molybdenum or aluminum is added in higher concentrations.
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The directional solidification provides impact wear resistance
exceeding that cf conventional nickel base superalloys when tested
against M42 steel.

An interesting finding from this work is the strong improvement in
wear resistance of an aligned eutectic structure as compared to the
corresponding randomized chill cast structure. Impact wear ~xperi-
ments with the softer 17-4 PH steel counterface were characterized
by transfer onto the Fe-base superalloy. The cracks vhich form in
this transported layer and in the superalloy materials were
oriented transverse to the relative sliding direction. Moreover,
the crecks occur in a periodic fashion, reflecting their relation-

ship to the underlying microstructure.
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Appendix 1
Bond Length and Bond Angles for the ¢ Carbide
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Bond Length and Bond Angles for the ¢ Carbide

Iron (1)

Fe(1l)-Fe
Fe(l)-Fe

Fe(3)-
Fe(3)-

Iron (2)
Fe(2)-C(1)
C(i)-Fe(2)-C(1)

Iron (3)

Fe(3)-C(1
Fe(3)-C(1
3

C(1)-Fe(

Iron (4)

Fe(4)-C(1)
Fe(4)-C(1)

C(1)-Fe(4)-C(1)
Iron (5)
Fe(5)-C(2

)
)
)-C(1)

Mo]ybderum
( )
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Appendix 1 (continued)

4x 2.481(2)
2x  2.498(3)
2X 61.
2x  118.
4x 120.
4x 59.
2X 180.
180
2x  1.980(12)
149,
2.017(11)
2.144(11)
106.
1.982(11)
1.982(11)
141.
1.923(3)
2x  2.144(11;
128.
2.067(1)
2.165(11)
2.337(11)
109.
133.
102.

0(6)

3.815{

3.335{

3.736(

3.855(

e St e S e S

~
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Appendix 2

Fractional Coordinates for the Atoms

Atom Type x/a* y/b
Mo(1) 0.8831(2) 0.5
Mo(2) 0.8840(1) 0.1984(1)
Fe(1) U0 0.5
Fe(2) 0.2657(3) 0.5
Fe(2) 0.3600(2) 0.1648(2)
Fe(4) 0.5 0.3375(3)
Fe(5) 0.3632(3) 0.5
C(1) 0.3027(11)  0.2513(15)
c(2) 0.0 0.0

* () estimated standard deviations
** special positions

*** temperature factors

z/c
0.2829(3)
0.0372(2)
0.0
0.2097(4)
0.6273(3)
0.5
0.6683(4)
0.3011(18)
0.0

IsoE:gQic
0.13(3)
0.16(3)
0.00(5)

-0.03(4)

-0.03(3)

-0.04(4)

-0.04(4)

-0.13(14
0.36(35)
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307

1454

1008
533
241

1367

1467

1176
429

1003
780

1870
479
451

1654

1499
985
841
930

1684
403
180

FCAL

954
586
562
139
969
690
142
158
358
413
380
718
1323
179

338
1432
519
161
912
312
221
1333
958
507
170
1247
1350
1116
407
1007
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1916
510
435
1846
1681
925
820
980
1684
460
210
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Appendix 3

Structure Factors
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511
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1489
1880
1529
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1298
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773
178
1823
2118
1280
1760
1546
441
401
1064
402
1623
3129
1380
1759
1437
858
553
1182
519
376
1240
145
248
480
2581
631
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1721
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553
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1774
1205
1991
1291
1141
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813
891
705
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Appendix 3 (continued)

FCAL

568
1302

462
2054
1420

294

18€

166

351
1056

666

462
1538

528

502
1133
2113

473

592

477
1601

143
1052

547
1059
1699

3357
1569
416
491
706
1023
767
607
778
1267
606
251
123
560
505

Structure Factors
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435
2772
431
2118
551
1140
732
666
855
394
1015
1038
948
446
275
1703
426
1061
988
664
1022
1686

289
1642
372
1069
1374
653
744
2881
585
1347
179
494
1358
389
509
1595
1205
1074
974
772

FCAL

474
3093
484
2216
598
1177
776
677
942
403
1148
1142
1050
446
304
1814
457
1142
1062
719
1103
1818
141
306
1717
370
1118
1425
721
766
3133
603
1406

532
1442
399
552
1753
1305
1015
919
715
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1057
1049
2359
195
650
1075
231
2870
621
2601
2706

2367
4977
634
1044
2448
921
658
542
1569
571
476
1404
1536
318
725
4611
702
780
1987
383
180
939
2762
434
398
1545
2023
195
1025
463
1995
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Appendix 3 (continued)

FCAL

1071
1109
2635
203
512
936
154
2493
610

2486 -

2661
385
2336
4671
546
925
2248
867
658
561
1656
600
516
1446
1539
336
734
5079
710
809
2248
416
219
931
2818
420
355
1559
2114
165
1045
475
2136

Structure Factors

FOBS

1729
945
1204
864
1961
1401
406
684
196
929
493
441
286
606
202
277
1397
504
313
1919
1128
69
1061
376
161
689
359
1043
919
879
361
1108
1424
522
421
318
183
1370
327
580
4359
974
958

FCAL

1807
1020
1329
918
2175
1546
473
759
168
931
510
487

648
23
270
1460
522
349
2042
1161
580
1087
333
249
690
372
1050
966
921
217
1108
1472
512
425

146
1532
354
483
3561
642
879
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Appendix 3 (continued)

Structure Factors

FOBS  FCAL H K L FOBS FCAL
2792 2578 -4 10 2 636 660
1090 1098 -4 10 1 678 711
346 363 -4 10 0 1492 1459
3264 3239 -4 8 6 603 602
2265 2272 -4 8 5 2015 2190
581 575 -4 8 4 396 387
710 662 -4 & 3 571 632
498 464 -4 8 2 1694 1800
220 246 -4 8 1 1817 1936
1038 1032 -4 8 0 904 937
327 268 -4 6 7 441 462
603 666 -4 6 6 278 288
1461 1648 -4 6 5 552 559
2380 2689 -4 6 4 563 585
607 683 -4 6 3 2818 2935
1213 1219 -4 6 2 1602 1656
410 437 -4 6 0 1568 1625
2496 2490 -4 4 8 395 343
537 506 -4 4 7 818 819
669 700 -4 4 5 1965 1972
794 800 -4 4 4 1298 1301
603 577 -4 4 3 726 721
891 1021 -4 4 1 658 649
1044 1118 -4 4 0 810 837
310 195 -4 2 7 838 850
427 421 -4 2 6 947 975
641 668 -4 2 5 3170 3279
1863 1961 -4 2 4 234 54
2724 2896 -4 2 3 1171 1228
586 595 -4 2 2 2807 3054
1059 1138 -4 2 1 2569 2843
207 161 -4 2 0 1208 1329
953 986 -4 0 7 558 462
410 430 -4 0 6 366 293
975 1009 -4 0 4 365 310
191 124 -4 0 3 5794 5770
527 537 -4 0 2 658 619
1807 1920 -4 0 1 1126 1314
367 413 -4 0 0 3512 3751
303 295 -3 1 8 374 377
1276 1323 -3 1 6 1368 1338
392 436 -3 1 5§ 675 635
1051 1060 -3 1 4 244 251

s
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Appendix 3 (continued)

Structure Factors

H K L FOBS FCAL H K L FOBS FCAL
-3 1 3 2539 2589 -2 6 3 1069 1078
-3 1 2 699 765 -2 6 2 346 331
-3 1 0 159 1e3 -2 6 0 310 317
-3 3 8 397 402 -2 4 7 1057 1067
-3 3 7 2289 2316 -2 4 6 286 302
-3 3 6 192 153 -2 4 5 603 566
-3 3 5 595 591 -2 4 4 89 8%
-3 3 4 2714 2670 -2 4 3 1302 1272
-3 3 3 383 379 -2 4 2 1066 1024
-3 3 2 603 54 -2 4 1 686 689
-3 3 1 5053 5440 -2 4 0 711 66l
-3 3 0 1500 1448 -2 2 8 411 3%
-3 5 7 602 604 -2 2 7 2768 2777
-3 5 6 2015 2069 -2 2 6 1317 1275
-3 5 5 1543 153 -2 2 5 639 610
-3 5 4 1329 132 -2 2 4 1000 942
-3 5 3 3014 3083 -2 2 3 3008 2874
-3 5 2 1808 1830 -2 2 2 1695 1646
-3 5 1 73 749 -2 2 1 268 310
-3 5 0 753 780 -2 2 0 571 544
-3 7 6 240 210 -2 0 8 1685 1502
-3 7 5 917 941 -2 0 7 1258 1164
-3 7 4 1382 1421 -2 0 6 844 795
-3 7 2 1042 1078 -2 0 5 4547 4200
-3 7 1 1191 1219 -2 0 4 501 575
-3 7 0 1164 1211 -2 0 3 632 627
-39 5 6% 769 -2 0 2 45 505
-379 4 444 464 -2 0 0 387 258
-3 9 3 1047 1056 -1 1 8 188 107
-3 9 2 1469 1489 -1 1 7 86 810
-3 9 1 1937 1942 -1 1 6 109 1091
-3 9 0 1528 1513 -1 1 5 481 417
-2 10 3 374 369 -1 1 4 1289 1187
-2 10 1 482 443 -1 1 3 1631 1517
-2 & 5 53 59 -1 1 2 317 303
-2 8 4 483 543 -1 1 1 150 163
-2 8 3 1704 169 -1 1 0 15 172
-2 8 2 1232 1257 -1 3 7 170 280
-2 8 1 338 37 -1 3 6 322 27
-2 8 0 497 499 -1 3 5 780 745
-2 ¢ 6 1289 1338 -1 3 4 717 66l
-2 6 5 2573 2683 -1 3 3 1458 1324
-2 6 4 476 446 -1 3 2 3832 3628
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1922
1281
1435
591
714
861
511
931
838
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1349
358
1008
1465
531
865
1491
863
1413
1843
2138
750
238
2416
933
276
790
273
643
1534
233
730
4642
815
189
250
1435
1497
1558
1507
2710
720
662
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Appendix 3 (continued)

FCAL
1955
1456

1035
1339

1413
530
897

1447
786

1394

1326

2010
783
275

2355
874
272
842
267
617

1474

672
4619
908
222
233
1476
1466
1525
1482
2624
751
653
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Structure Factors

1=

Ototoucno\J\J\:\J\:\Jmmmmmmo)wwuwuwwHHr—-»—awwooooooor\)mt\)r\)na

|—

I\JHNNAOHNM&MO'—‘N&WU\OHNMme\\JOHNbO\\JHNwth\\IOHNub

FOBS

353
403
3703
955
129
702
1300
482
1710
3903
1052
396
849
2035
987
2144
185
173
1057
739
645
46€7
1261
123
3465
1953
2178
987
1280
2634
1260
848
1195
1982
1543
418
1519
1458
1908
462
1256
711
540

FCAL

380
406
3582
958
118
692
1273
458
1616
3529
995
496
864
2063
912
1926
171

1140
759
619

4695

1254
140

3406

1955

2424

1027

1300

2603

1269
831

1269

2017

1530
360

1457

1413

1965
475

1215
660
512
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1388
805
658
401
634
483
913

1067
784

2578
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279
998
236
907
350

1945
720
734

1137
721

1388
277
829
937
591

1619

2358
2465

Appendix 3 (continued)

FCAL

1318
874
671
405
605
499
955

1098
788

2633
411
316
990
236
870
339

1964
661
759

1121
719

1346
294
801
866
544

1618
471

2298

2440
538

4844
356
258
241
607

1036
146

3129
183

2009

1045
187
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Structure Factors
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FOBS

294
1616
702
246
955
340
2651
795
470
591
195
1430
1207
189
728
1542
467
1499
1317
1480
926
178
1460
2032
216
953
1665
1729
431
591
315
243
850
652
2081
544
184
1758
2769
1291
573
1314
3220

FCAL

279
1448
708
206
969
329
2709
780
487
639
145
1417
1211

698
1513
413
1459
1366
1483
937
103
1531
2048
201
925
1625
1758
436
573
183
204
837
687
2068
538
128
1678
2629
1329
557
1265
3027
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Appendix 3 (continued)

Structure Factors

WK L FOBS FCAL H K L FOBS FCAL
4 0 2 548 550 6 2 1 829 852
4 0 1 250 333 6 2 0 358 35
4 0 0 3849 3751 6 0 5 2430 2435
5 1 6 B3 845 6 0 4 1707 169
5 1 5 607 586 6 0 3 225 97
5 1 4 384 382 6 0 2 843 874
5 1 3 1949 1843 6 0 1 1112 1139
5 1 2 1206 1190 6 0 0 5% 575
5 1 1 223 233 7 1 4 471 510
5 1 0 689 682 7 1 3 1 112
5 3 4 1648 1633 7 1 2 167 169
5 3 3 1355 1311 7 1 0 574 516
5 3 2 1621 1527 7 3 4 40 470
5 3 1 4625 4358 7 3 3 1327 1404
5 3 0 98 1021 7 3 2 817 941
5 5 5 1143 1156 7 3 1 316 321
5 5 4 498 494 7 3 0 401 416
5 5 3 2416 2827 7 5 3 851 869
5 5 2 2237 2179 7 5 2 289 285
5 5 1 1135 1133 7 5 1 425 311
5 5 0 613 595 7 5 0 226 38
5 7 2 643 664 7 7 0 8713 917
5 7 1 1195 1220 8 6 2 440 462
5 7 0 186 1920 8 6 1 1403 1519
5 9 2 2147 2240 8 6 0 2942 3133
5 © 1 1477 1543 8 4 3 1289 1361
5 9 0 413 436 8 4 2 759 801
6 8 2 1347 1402 8 4 1 211 228
6 8 1 691 736 8 4 0 268 1304
6 6 4 93 978 8 2 4 444 458
6 6 3 811 810 g8 2 3 902 930
6 6 2 171 138 8 2 2 1983 1951
6 6 1 635 610 8 2 1 1057 1103
6 6 0 567 580 8 0 4 353 384
6 4 4 733 721 8 0 3 1316 1300
6 4 3 38 362 8 0 2 1460 1406
6 4 2 53 510 8 0 1 1220 1172
6 4 1 150 89 8 0 0 5282 4671
6 4 0 93 92 9 1 3 25 220
6 2 5 73 76l 9 1 2 886 902
6 2 4 439 391 9 1 1 242 200
6 2 3 1837 1807 9 1 0 287 251
6 2 2 2130 2093 9 3 3 1651 1716

~



|>=

HOONND@&)HHHOOONNN&&O\O\\JVU‘I(J‘IU’!WM

|r—

OOHO-—*OOOC)r—'NOHNOHNOHOHOHOHNOD—-

FOBS

1588
2222
1558
1018
975
1044
993
829
172
1183
472
741
313
515
2456
1696
696
691
1432
269
1766
398
713
1071
488
389
1531
522

Appendix 3 (continued)

FCAL

1634
2215
1630
1090
1050
1131
1062

892

1206
502
753
310
548

2303

1536
706
721

1390
247

1774
453
773

1008
441
413

1437
507
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