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Abstract

The microstructural changes of a commercial 90W-5Ni-5Fe heavy alloy
as a function of thermal treatment have been examined using a variety of
metallographic techniques. Upon solution treating at 1350°C for 1 hour,

quenching, and subsequently aging at 750 - 850°C for various times, a

- discontinuous precipitation reaction was observed in the matrix phase.

Concurrently, precipitation of a face-centered cubic phase with lattice
parameter, ag = 1.096’_1 0.004 nm occurred at the interphase boundaries
between tungsten grains and matrix. Metallographic examination of two
specially manufactured "matrix-composition" alloys, which have been heat

treated in a similar manner, provided additional information concerning

~these respective precipitation reactions. The products of the discontinuous

reaction were found to be tungsten and solute-depleted matrix phase in u
both the heavy alloy and a matrix-composition alloy. Moreover, an MgC
eta-carbide (M = Ni, Fe and W) obtained in a Second matrix-composition
alloy was found to have the same crystai structure as the interfacial phase

in the heavy alloy which is believed to be an M12C eta-carbide in agreement

with previous resultsl.



1. Introduction
':  Tungsten heavy alloys have received considerable étténtion since 1935
'”i?When McLennan and SmithellsZ first reported the deve]opmeﬁt' of a
" 90W-10(Ni,Cu) alloy. More generally, the tungsten heavy alloys are a group

of materials based on'80 - 97 wt % tungsten and prbduced by liquid-phage
sintering in the presence of nickel and other é]ement(s) (e.g., Cu, Fe,
Cr). Sintering 1in the temperature range 1440 - 1500°C aliows the
non-tungsten elements to melt whilst simultaneously dissolving some of
the tungstenT The presence of nickel eﬁsures thaf the‘quuid phase will
sufficient]y wet the soTid tungsten particles thereby enabling consolidation
to occur at a temperature far below the melting poiﬁt of tungsten (Tp=3410°
C). Normally, this proces§ is carried out in a reducing. atmosphere and
densities >99% of the theoretfca] density are routinely obtained.

The resulting micrbstructure of a W-Ni-Fe heavy alloy consists of
a contiguous network of spheroidal tungsten-rich b.c.é. grains («:20730
um diameter) embedded in a Ni-Fe-W face-centered cubic matrix (v-phase).
This  structure is responsib]e for an interesting and technologically
important combination of properties, viz., high qenSity (16 - 18.5 g-cmf3),
high tensile strength (800 - 1200 N-mm'z),'{and goodv tgnsi]e elongation
(10 - 30%). Tungsten heavy alloys can certajniy find app]icapign wherever
a high density matefia] is needed, and when high s%?éngth énd >adequéte
ductility ére a130-requifed they become even more:éffractive.

Previous metallographic work has concentrated on those features -of
the microstructﬁre thought to be most responsible for maintaining' good
mechanical properties.r The effects of certain microstructural variables

such as the véize3 and contiguity4»5,6 of tungsten grains, porosity’ and
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matrix vo]ume.fraction4’6’8’9'have been addressed. The influence of varying
the nickel:iron ratio on the microstructure and mechanical properties of
W-Ni-Fe heavy alloys has also been explored.10,11,12 The application of
high resolution }microana1yt1ca1 techniques has allowed detailed studies
of _hydrogen embrittlement!3 and impurity element segregation.6,14,15
Additionally, certain. precipitation reactions have been investigated
including precipitation hardening of the W-phase,16517 W-W grain boundary
precipitation,18 W-y interphase bhoundary precipitétion]’1],]9,20a21 and
precipitation within thevmatrix region11a19s2]’22. The present ;ontribution
is édncerned with clarifying the nature of the two latter reactions; however,
it is useful to begin with a brief review of some pértinent earlier work.
Kannappan19 observed W-Y interfacfa] precipitation concurrent with
precipitation of a dendritic morphology in the matrix region. This structure
was produced ih 80W-10Ni-10Fe, 90W-5Ni-5Fe, and 97W-1.5Ni-1.5Fe alloys
sintered at 1450°C and 1550°C for various times up to 27 hours and then
slow cooled to room temperature. To establish ifvthis precipitate phase
was present during liquid phase sintering, the alloy was solution treated
at 1300°C and.then'at 1400°C fér 24 hours and quenched to room temperature.
The precfpitate phase was still present after solution treating at 1300°
C but no trace of it was observed after heat treatment at 1400°C. It waé
concluded that under sintering conditions on]y. two phases, tungsten 'and
liquid, existed and that the slow cool from the sintering temperature allowed
the third phase to form. Powder x-ray .diffraction results from - this
multiphase alloy could not be completely interpreted, and consequently,
the structure of this third phase was not determined but was said to be

"complex". Electron miéroprobe analysis yielded a precfpitate composition

of 75W-10Ni-15Fe.



W-v interphase boundary precipitation was also observed by Edmonds
and Jones20 efter furnace cooling a 90W-S5Ni-5Fe alloy from the sintering
temperature of 1450°C. Scanning and transmission e]ectrom microscopy showed
that the precipitates exist as platelets “0.5 um in Tlength. = Thin foil
wave]ength dispersive x-ray spectrometry showed the precipitate composition
to be 78W-10Ni-12Fe (+2 wt%) - in good agreement with the results of
Kannappan.]9 X-ray dtffraction was also utilized in order to identify
further the interfacial precipitate. As there was reasonablie agreement
between the tungsten concentrations and the measured d-spacings obtained
in this study and those observed by Walsh 'and Donachie23 for the
intermetallic compound NiW '(m 75 wt%W), the authors tentatively concluded
that this precipitate was an intermetallic phase of the form (Ni,Fe)W -
an isomorphhof NiW. It should be noted that after this alloy was given
a heat treatment of 1000°C and water quenched, the charpy impact energy
increased dramatically and the fracture surfaces no Tlonger showed" such
extensive interfacial separation and no accompanying interphase boundary
precipitation was detectable. Instead, * the 'fractiona1 mode exhibited
predominantly smooth W-W intergranular separation. accompanied . by more
ducti]e rmpture of the surrounding matrtx. Thus, it also appeared that
this suspected intermeta]lic precieitation could be removed by solution
treatment, according to the Ni—w phaee diagr;m,.‘mith a corresponding
improvement in toughness of the heavy alloy.

Henig et al.ll have ge]so observed 1nterphase boundary precipitation
in a 90w-7N1e3Fe e]]oy heat treated at < 1000°C. They have identified
it as an intermetallic compound of the form (Ni,Fe)W, isomorphous with

NiW, in agreement with Edmonds and Jones20.  Discontinuous precipitation



of tungsten was also observed in the matrix upon certain heat treatments
in the 800-1000 °C temperature range. After a further 300 hours at

temperature, the (Ni,Fe)W .intermetallic was seen to form from this

'pretipitated tungsten. This work also included phase equiTibria research

~ on the Fe-W binary system. A hew'intermeta11ic compound, FeW, was identified

and is thought to form peritectoidally from the y-phase (FesWg) and tungsten
at approximately 1060°C. X-ray diffraction data from this phase was almost
identical to that from NiW. As NiW, FeW, and (Ni,Fe)W were all thought

to be isomorphous (orthorhombic structuré, ag = 0.776_nm, by = 1.248 nm,

- ¢o = 0.710 nm)23 the authors suggested a modified Ni-Fe-W ternary phase

diagram incorporatfng the (Ni,Fe)W intermetallic with complete iron and
nickel miscibility. |

:Muddle] has also recently obtained some interesting results concerning
W-vy interphase précipitation in a'91w-4.5N134.5Fe alloy. Numerous selected
area and convergent beam electron diffraction patterns were found to ‘be
consistent With the precipitate having an Fd3m (227) space group with
lattice parameter, 3 * 1.092 + 0.005 nm. Thin foil energy dispersive
x-ray spectrometry showed the concentration of the Z > 11 elements to be,
78.25W-8.95Ni-12.80Fe - 1in good agreement with previous results.19,20
Additionally, scanning auger electron spectroscopy data from the precipitate
on a fracture surface showed a significantﬁcarbon peak - even after prb]onged
sputtering. The form of the peak (i.e., the presence of two minor peaks

at the low energy side of the principal peak) suggested that the carbon

- was in the form of a carbide rather than a surface deposit. As both the

ternary systems Ni-W-C and Fe-W-C have eta-carbides of the form NighgC24

and Fe6w6c,25;26’27 both with Fd§m structure and ap 2~ 1.09 nm, it was



'7;conc1uded that the interfacial precipitafe is an eta-carbide of the form
 v(Ni,Fe)6w6C and not an intermetallic compound. 1In a related study, Muddle
and Edmonds2! observed Widmanstatten laths of eta-carbide witﬁin the matrix
region in an appropriately heat treated 90W-5.2Ni-4.8Fe alloy which contéined
0.014 wt % carbon. A concurrent discontinuous precipitation reaction of
tungsten was also found to occur within the matrix region that is believed
to be in competition with the eta-carbide precipitation for tungsten.

2. Experimental Procedures

- A preliminary study of a commercially produced tungsten heévy alloy,
of nominal composition 90W-5Ni-5Fe, provided the impetus for specially
fabricating and investigating two Ni-Fe-W alloys. They were designed to
simulate the -y~phase matrix of the 90W-5Ni-5Fe alloy which has a composition
that was measured by electron microprobe analygis to be 41.4Ni-39.4Fe-19.2W
(+ 0.3 wt %) in the as-supplied material and 39.5Ni-39.2Fe-21.3W (+ 0.3
wt %) after a 1 hour_so]ution treatment at 1350°C. The matrix-combosition
a]]oyé were produced by first mixing e]ementa] powders in a rotating mixing
drum; “Alloy A was subsequently afc—melted in argon to form the Ni-Fe-W °
ingot directly. Alternatively, the alloy B powder was hydrostatically
compressed into a green compact and sintered in a dry hydrdgen atmosphere
at 1060°C for 2 hdurs prior to arc-melting. The ingots were homogenizgd
at 1390°C (alloy A) and 1150°C (alloy B) for 56 hours .in argon and 10-6
torr vacuum, respectively. Table 1 ‘1ists the resulting compositions of
the matrix-composition alloys along with that of the 90W-5Ni-5Fe heavy
alloy. After surface cleaning by grindihg, both ingots were swaged to
3mm rod with intermediate anneals at 1350°C for 1 hour after approximately

every 50% reduction in area. Alloy A was given a final anneal at 1350°C



for 1 hour, whereas alloy B was .given a final anneal at 1350°C for 10 hours.
A1l materials were heat treated in sealed silica tubes under an> érgon
atmosphere, and termination was accomplished by breaking the encapsulating
tube into water at amhient temperature.

Slices were cut from 3 mm rods of the materials to be examined. Discs
from thé‘heavy alloy were ground to 100 um thickness, wheréas those from
the matrix-composition alloys were ground to < 50 um to minimize the
deleterious image distortions that a highly magnetic foil produces in the
transmission electron microscope. Specimens were electrochemically thinned
using a Fiééhﬁone twin-jet electropolishing unit fn an electrolyte of 2%
hydroflouric acid, 5% lactic acid, 8% sulfuric acid and 85% methanol. The
polishing cohditions for heavy alloy specimens were maintained at -30°C,

55Vdc and 95 mA whereas those of the matrix-composition alloys were kept

~at -3%5°C, 15Vdc:and’18 mA. The majority of transmission electron microscopy

was performed af 1000kV to enable increased electron penetration; however,
analytical electron microscopy was performed on standard 100kV and 200kV
machines. Powder x-ray diffraction of ext%acted precipitates was
éccomp]ished using a Stoe Guinier camera and a Philips diffractometer both
using monochromated Cu Ko radiation. Microanalytical data were also
obtained using a Cameca Camebax electron microprobe and a Cambridge Mass
Spectrometry laser induced ion mass analyzer.

3. Experimental Results

3.1 Matrix Precipitation
Both the 90W-5Ni-5Fe heavy alloy (Fig. 1) and matrix-composition alloy
A were examined to establish the nature of the precipitation occurring

within the y-phase matrix. After manufacture, the matrix-composition alloy
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was essentially single phase but did Contain dispersed inclusions. The
inclusions were found to contain a substantial amount of titanium and due
to the nature of alloy manufacture, are thought to be complex oxides.

3.1.1. 90W-5Ni-5Fe Heavy Alloy

Transmission electron microscopy revealed a discontfnuous precipitation
reaction occurring within the matrix region of the heavy alloy when the
alloy was subjected to solution treatment at 1350° C for 1 hour, quenched,
and subsequently aged at 750-850°C for 100 hours (Fig. 2). This reaction
could also be observed in the Tight microscope - although the reaction
product lamellae could not be properly resolved. Prior solution treatment
at 1350° C followed by water quenching was essential as simply annealing
for 100 hours.at 800°C failed to induce discontinuous precipitation. For
isochronal heat treatments (t=100 hours) the discontinuous reaction was
only observed after solution treating and annealing in the femperature
range 750-850° C. Specimens annealed at < 650°C or > 950°C for 100 hours
did not show evidence of precipitation. For annealing at 850° C,
precipitation could be observed affer 5 hours, but no precipitation was
observed after solution treating and annealing at 950°C for 200 hours.
Annealing times  longer thén 100 hours Wére not attempted at Tlower
temperatures (f.e.,_ﬁ 650°C).

Selecfed area electron diffraction patterns obtained using high vd]tage
electron microscopy consistently showed the identity of the lamellae to
be tungsten and vy-phase (Fig. 3). Although the characteristic boundary
of the cellular reaction was observed, it was not possible to establish
at which microstructural feature the reaction had nucleated. Another

important feature that 1is not shown in these micrographs is the limited



extent of the reaction. Transformed regions were observed only sporadically
throughout the alloy and were isolated from one another.
3.1.2. Matrix-Composition Alloy A (40.1Ni-41.1Fe-18.8W)

The fabrication‘.of this alloy included solution treating at 1350°C
for 1 hour. Figure 4 shows a series of optical micrographs of specimens
aged for 100 hours at temperatures from 750-1250° C at 100°C intervals.
The speciﬁens annealed at 750-950° C show a morphology typical of a
discontinuous precipitation reaction product. In specimens aged for shorter
time, discontinuous precipitation can clearly be seen to nucleate at the
graih boundaries and grow into one or both adjacent grafns (Fig. 5). As
the aging temperature was raised above 950°C the morpho]ogy was observed
to progress from 1ame11ar‘to predominantly Widmanstatten form, and finally
to grain boundary precipitation at the highest aging temperature of 1250°
C. |

The precipitate morpho]ogylis shown at higher magnification in Figure
6. After heat treating at the lower temperature of 750°C for 100 hours
the mokphology is essentia]ly lamellar, whereas following aging at 850°
C for 100 hours various morphologies can be observed (Fig. 6). Clearly,
discontinuous precipitation 1is present, but the tungsten lamellae appear
to be broken up in some areas. In other regions, a Widmanstatten morphology
is observed. Aging at the higher temperature of 1050° C produced
predominantly Widmanstatten precipitation with a decreased number density
and larger size (Fig. 7(a)). At vstii] higher aging temperatures (i.e.,
1250°C)‘precipitation is observed almost exclusively on the grain boundaries.
Selected area electron diffraction showed the precipitates to be tungsten

- regardless of their morphology. This was subsequently verified by x-ray
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diffraction .data obtained from powder of 'the precfpitate phase that had
been electrochemically extracted from samples agedlat various temperatures.
3.2. Interfacial Precipitation

The 90W-5Ni-5Fe heavy alloy and matrix-composition alloy B were studied
to elucidate the nature of the W-y interphase precipitation occurring in
the heavy alloy. This matrix-composition a]]oy was intended to be a single
phase simulation of the y-phase in the solution treéted 90W-5Ni-5Fe alloy;
however, insoluble precipitates (not oxides) weré observed after manufacture.
Even affer a subsequent treatment at 1390°C for 20 hours, dispersed partic]és
(~3 ym diameter) of this' second phase. were still observed. It will be
shown that these precipitates bear a crysta]]ograhhic similarity with the
interfacial precipitation obsgrved in the 90W-5Ni-5Fe alloy, and therefore
it is appropriate to present the analyses 6f both consecutively.

3.2.1. 90W-5Ni-5Fe Heavy Alloy

Precipitation was observed at the W-y interphase boundaries in the
heévy alloy occurring concurrently with the discontinuous precipitation
described earlier (i.e., after solution treating ét 1350°C for 1 hour,
quenching, and subsequently _ahnea]ing' at 750-850°C for 100 hours) (Fig.
8). When the alloy was solution treated and annealed at a lower temperature
(650°C for 100 hours) or a higher temperature (950°C for 200 hoursf, no
interphase precipitation was observed. The size of the precipitates was
< 0.4 um'in,thiéknéss making them observable only by electron microscopy.
Additionally, the reaction was found to be very sporadic and nonuniform,
in a manner similar to the discontinuous precipitation reaction. However,
there did not éppear to be any association between Fhe two reactions -

a given region usually exhibited one or the other, or ﬁeither‘morpho]ogy.
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This same phase was also observed at Y-vY grain boundaries in material heat
treated as described above. This morphology was very infrequently observed
as there are relatively few Y-v grain boundaries due to the large Y-phase
gréin size and only a low percentage of them showed any precipitatibn.
An interface appears to be a prerequisite for the nucleation of this phase
in this particular heavy alloy.

Numerous selected area diffraction patterns were obtained from
interfacial precipitates located at both W-y and y-y boundaries dnd all
coufd be indexed consisténtly with a face-centered cubic Bravais lattice.
Using the W-phase as an internal standard (assuming
'éo(w-phase)=a0(tungsfen)=0;3165 nm), the lattice parameter of the precipitate
phase was found to be, ag = 1.096 + 0.004 nm.

3.2.2. Matrix-Composition Alloy B (38.5Ni-40Fe-21.5W)"

Figure ‘9 shows a typical transmission electron micrograph of the
undissolved precipitate 1in this alloy. All selected area diffraction’
pattefnsv obtained were consistent with the precipitate having an f.c.c.
Bravais lattice. As there was no internal standard in these specimens,
it WAS not possible to measure accurately .the lattice parameter using
electron diffraction - although it was estimated to be, ag = 1.1 nm.

Convergent beam electron diffraction (CBD) was utilized to ascertain
the point gfqup of the precipitate. An appropriate condensér lens current
and aperture were chosen that would allow the diffraction discs to overlap
- thereby making the high order Laue zone (HOLZ) rings more uniform. Figure
10 shows [111] and [110] zone axes CBD patterns obtained from the precipitate
in this manner. .Unfortunate]y; it was not possible .to obtain the HOLZ

lines in the forward scattered beam (even after decreasing the convergente
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angle). Nevertheless, certain symmetries are visible in both patterns..
Taking the [111] pattern first, it can be séen that the» apparent whole
pattern symmetry* is 3m. Utilizing the tab]es of Buxton et al.28, the
only possible ‘diffraction groups are; 3m, 3mlg and 6gmmp. Since we know
that the crystal is cubic we can restrict ourselves to the five cubic point
groups; m3m, 43m, 432, m3 and 23; however, only the point groups m3m and
43m could be consistent with the three possible diffraction groups. Turning
now to the [110] pattern, which has whole pattern symmetry of 2mm, the
possible diffraction groups are; 2mm, 2mmlp and 4gmmg. From the tables28
this is quickly narrowed down to diffraction group 2mmlp, which corresponds
to the mgm point group. Thué, it is concluded that the point group of
the unknown phése in the matrix-composition alloy B is m3m.

Powder x-ray diffraction of the extracted precipitate phase was
accomplished using both a Guinier camera and a diffractometer. The observed
reflections can be indexed according to a face-centered cubic Bravais lattice
with Tlattice parametek, ap = 1.1165 + 0.0005 nm (Table II)._ Since the
point group is mém there are ten possible space groups, numbers 221§230;
however, numbers 221-224, 229 and 230 can.be ruled out immediately as they'
are simple and body-centered cubic structures. Table III shows the
ref]ectionAconditions of the remaining possible space groups; Fm§m (225),
Fm3c (226), Fd3m (227) and Fd3c (228). It can be seen tht the conditions
for Fm3c and Fd3c are not cons{stent with the x-ray data. Both these spéce
groups disallow {hhl} type reflections where h and 1 are both odd whereas

many of these reflections are in fact observed (e.g.,' {111}, 13311,

*Aobarent whole pattern symmetrv refers to the entire pattern svmmetry except
for the direct beam, but because the direct beam always contains equal or more
svmmetry elements than the whole pattern29, the apparent whole pattern symmetry
is the same as the whole pattern symmetry.
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{333}/{511}, etc.). There is not such an obvious difference between space
groups Fmém and Fdéh when éompared to the expér{ﬁgﬁféily‘ observed
reflections. There are many permitted ref1ectionsvfor bdth that have not
been detected butlthis alone does not allow an unambiguous determination
of the space group. ~Howéver, one important difference between the two
is that.the'{ZOO} type reflections are not permitted for Fd3m nor are they
observed experimentally. Additionally, the {200} type reflections are

“just barely .visib1e in an [001] selected area dfffraction pattern (Fig.
9). | Their presence is due to dynamical scattering between Laue zones.
Consequent]y,  it appears -that the {200} type reflections are indeed
kinematically forbidden and the space group of the insoluble precipitate
phase is Fd3m. |

Electron microprobe analysis was performéd on a po1i$hed bulk specimen
of matrix-composition alloy B. The analysis showed the average composition
of_,the, precipitate phase to be, 76.5W-10.0Ni-13.5Fe (50.2W-20.6Ni-29.2Fe;

+ 0.3 at %). A detailed scan through the energy spectrum to search for

~ x-rays characteristic of additional e]ehents éhowed no other element to
be present in any significant quantity (i.e. > 0.1 wt%).  Nevertheless,
this resd]t was not considered completely reliable as the electron microprobe
was thought to be unsuitable for detecting the presence of sma]1 quantities
of light elements in a high average atomic number compound. Laser induced
jon mass analysis (LIMA) was then used to attempt detection of 1light elements
in thé precipitate. Basically, LIMA utilizes a short pulse (10 nséc) of

focussed laser radiation to vaporize a small region of the sample. Some
smai] percentage of this material is ionized and subsequently identified

with a time-of-flight mass spectrometer.31. Figure 11 shows spectra obtained
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from a region with a precipitate and a region of surrounding matrix. A
tiny carbon peak and two seemingly spurious peaks on the Tlow atomic mass
side of the calcium and sodium peaks are observed in the precipitate spectrum
but not in the matrix spectrum. These spurious peaks,,unfortunate]y, remain .
unexplained, but the carbon peak is thought to be genuine since (a) it
is not accdﬁbanied by hydrogen from hydrocarbons, and (b) the sodium,
potaésium and calcium signals are not larger from the precipitate region
- thus indicating that the general contamination level is not greater in
the region of the precipitate. Because of the low ionization probability
of carbbn a§ compared to nickel, iron and tungsten, the LIMA technique
is much less carbon-sensitive, and therefore only a relatively small carbon
peak 1is observed. It must also be noted that spectra are obtained from
a volume approximately 5 um diameter and 0.5 wum deep32 whereas the
precipitates are only about 3 um diameter. Using these values it is easy
to see that a typical precipitate would be expected to contribute to no
'more than about 50% of a "precipitate 'region" spectrum while the balance
is due to the surrounding matrix. For these reasons, an accurate
determinafion of the carbon concentration of the insoluble precipitate '
was not attempted using this method. )

Thin film energy-dispersive specrometry (EDS) was performed using ah
ultra-thin window x-ray detector in order to obtain quantitative values
for the carbon concentration of the precipitate phase. Spectra were obtained
from regions of the foil adjacent to the hole that weré very thin (< 20nm)
by rastering the eiectron probe over the specimen for acquiéitipn times
of 300-500 seconds (Fig. 12). A small amount of contamination was found

to have been produced when the analyzed area was viewed at high
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magnification. It was assumed that this build-up was nearly the same
in all analyzed regions and was broadly accounted for in the formulation
of the K-factors. Approximate K-factors were determined experimentally
by using the surrounding matrix as a standard, where the tomposition was
assumed to be the same as the bulk composition (Table 1). A quantification
routine that corrécted for absorption was used with a reasonable value
for the specimen thickness (20nm) and phase density values that were
estimated,using the electron microprobe and x-ray diffraction data (opatrix .
= 9.6 g-cm™3, Pprecipitate = 14 g-cm-3). The resulting precipitate
composition was found to be, 44 at% W - 26 at% Fe - 19 - at% Ni - 11 at%
C with the error being,approximate]y j5 at% and + 2 at% for the tungsten
and carbon, and iron and nickel values, respectively.
4. Discussion

When aged in the 750—850°C temperature range, both the matrix region
of the 90W-5Ni-5Fe heavy alloy and matrix-composition alloy A Undergo a
Type I discontinuous precipitation reaction described by

Yt Wty |

where y' 1is the tungsten-supersaturated Ni-Fe-W .face-centered cubic phase
which is being transformed to a more thermodynamically stable mixture of
alternating - tungsten and v lamellae. However, there are important
morphological and kinetic differences between the reactions in the different
alloys. For example, the interlamellar spacing, S, . obtained upon
transformation during a given heat treatment is not the same in both alloys.
S s rdugh]y one micron in matrix-composition alloy A as comhared to S
0.5 um in the transformed. matrix regions of the heavy alloy after aging
both at 850 °C' for 100 hours.  This is certainly consistent with the

compositional data. The nickel:iron ratio in both matrix-composition alloy
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A and the vy-phase of the heavy alloy is-approximately unity whereas the
tUngstgn concentration is greater in the ?-phase of the solution treated
heavy alloy (21.3 wt % W) than fn matrix-composition alloy A (18.8 wt %
W). This larger supersaturation of tungsten in the matrix of the heavy
alloy suggests that the chemical free energy released per unit volume upon

decomposition,AGchems will be greater in the heavy alloy. As the total

change in free energy of the transformation (exclusive of interfacial energy)

goes as AGcpamsS S can be expressed
S o 4G ;;em
and a smaller interlamellar spa;ing would indeed be expected.

The ]oca]ized’and_incomplete nature of this reaction in the heavy alloy
appears contrary to initial expectation. This can best be understood by
considering some of the characteristics of the discontinuous brecipitation
reaction. Cellular nucleation and growth requires a mobile interface -
normally a grain boundary. In this case a W-y interphase boundary would
‘be unsuitab]é as this would not actually be nucleation of one phase within
another but would instead be a primary tungsten grain developing protrusions
(1ame11ae) into the mafrix région. Protrusions from the primary tungsten
grains have not been observed in this study. In fact, the tungsten lamellae
appear not be in contact with the tungsten grains at- all. Muddle and
Edmonds2] have also observed this aspect of the reaction in heavy alloys.
Additiona]]y, a mobile grain boundary would have to be created for the
reaction to proceed. A more plausible scenario fof excess tungsten in
solution very near a primary tungsten grain_ is to precipitate directly
onto the tungsten grain as was observed by Kiparisov et al.22. The other
possible nucleation site would be a y-y grain boundary. In this case,

the low density of vy-v grain bounderies may help to explain the irregular
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and limited extent of the reaction; however, direct evidence of the
nucleation site(s) for this reaction is required before making a final
conclusion. It should be noted that other researchers who have observed
this reaction!1:19-22 with the exception of Muddle and Edmonds2!, have
either not observed-its localized nature or have not commented on it. This
may be due to their respective alloys containing a significantly larger
density of possible nucleation sites (i.e. an alloy with a.Y-phase gréin
size significantly 1ess than that of the tungsten grain size).

At progressively higher aging temperatures (> ]OSG’C) Widmanstatten
and grafn boundary precipitation of 'tungsten are  observed ;in
matrix-composition alloy A. This is not the case in the matrix region
of the heavy alloy where it is believed that aging at 950°C and above has
increased the atomic mobility to the éxtent that excess tungsten precipitates

direqt]y onto the primary tungsten crystals. This contrasts with the results

of Henig - et al.1l  who observed precipitation of tungsten, albeit

discontinuously, after "aging as high as 1000°C. However, it should be
pointed out that. this observation was made on a different heavy alloy
(90W-7Ni-3Fe) that had been solution treated at the higher temperature
of 14005C. -

Because of the 1low volume fraction and localized nature, the
discontinuous precipitation in the matrix region is not believed to affect
greatly the mechanical bropertiés of the heavy alloy. This was partially
borne out by preliminary testing in which both the yield strength and the
ultimate tensile strength were unaltered after solution treating at 1350°
C for one hour and subsequently aging at 85d°C for 100 hours.. Previous

results also support this hypothesis. In particular, Henig et al.1l have
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cited results due to Kang34 and Yoon3% which cou]dv not determine any
influence on heavy alloy mechanical properties by %he presence of a cellular
precipitate morphology in the matrix region. |

Turning‘now to the.inso]uble precipitates in matrix;compoéition alloy
B, it is apparent that they are carbides with an Fd3m space group that
contain nickel, iron and tungsten. The existence of eta-carbides with
this structure in both Ni-W-C and Fe-W-C ternary systems has been mentioned
previously. They typically occur in two forms, MgC and MjoC (M=NiFe, and
W) in both systems, and regardless of stoichiometry, are characterized
by having an Fd3m space-grbup with lattice parameters as listed in Table
IV. In fact the lattice parameter of the carbide in matrix-composition:
alloy B falls between the measured lattice parameters for NioWsC and Fe3WsC.
Thus it is concluded that' the insoluble precipitate in matrix-composition
alloy B is an MgC eta-carbide. If exact carbon stoichiometry 1is assumed
and then subsequently _incofporated with the ratios of the metal element
compositions as determined by electron microprobe ana]ysis, the eta-carbide
composition would be 75.2W-13.3Fe-9.9Ni-1.6C or, in atomic per cent
43.0W-25.0Fe-17.7Ni-14.3C. - These values afé consistent with the thin film
EDS results and cdrrespond very closely to the (Ni,Fé)3W3C stoichiometry
typical of the Fe-W-C MgC efa-carbide, with a nickel:iron atomic ratio
of approximéte]y 0.71.

The identity of the W-y interphase boundary precipitates observed
in the 90w-5N1-5Fe heavy alloy is somewhat less clear. The measured lattice
parameter of the f.c.c. phase (ap = 1.096 + 0.004 nm) is very close to
that of the FegWgC eta-carbide. This s{ructure ~is entirely inconsistent

with any of the known phases in the W-Ni-Fe system.36’37 For these reasons
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and by analogy with the (Ni,Fe)3W3C carbide found in matrix-composition
alloy B, it 1is believed that this phase 1is an MjpC eta-carbide.
Qualitatively; this is consistent with the bu]k_cohposition_datavfor the
respective materials presented earlier. - It would be réasonab]e to assume
that virtually all of the carbon in the heavy alloy would be found in the
y-phase as »tungsten has a very limited carbon solubility at the 1liquid
phase sinterfng‘temperéturé (viz., - <0.02 at%C at 1450°C)38. The volume
fraction of the matrix in the 90W-5Ni-5Fe heavy alloy is approximately
0.3(6) which méans that a bulk carbon concentration of 0.004 wt % translates
to a carbon content. of about 0.014 wt % in the vy-phase. This is
significantly less carbon than the 0.10 wt % C found in matrichomposition
alloy B. It is thus expected that the higher carbon eta-carbide, MgC,
is- predominant in the alloy with the highek carbon concentration, and the
lower  carbon eta-carbide, Mj2C, 1is predominant in the  Tlow carbon
- concentration heavy ailoy. In support of this it should be‘ noted  that
this behavior is indeed exhibited in both the Ni-W-C and Fe-W-C systems.24,27

| The'intérpretation that W-v interphase boundary precipitates are My2C
eta-carbides is consistent wfth recent results due to Muddlel, and Huddle
.'and Edmonds2l. In these studies, eta-carbide precipitates were identified
at W-v¥ dinterphase boundaries in a commercially produced 91W-4.5Ni-4.5Fe
alloy and in an appropriately heat treated experimental O90W-5.2Ni-4.8Fe
alloy. Additionally, Widmanstatten laths of Mi2C were found to have
precipitated within the matrix region of the experimental alloy after
solution treating at 1350 °C and’aging at 750-850bC.‘ The alloys used in
these studies contained .considerab1y higher amounts of .carbon than the

tungsten heavy ailoy' used in the present investigation (Table V). The
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absence of Mj2C Widmanstatten precipitation in the presently studied material
is understandable given‘the Tower supersaturation of carbon in the y-phase
and hence the greater propensity for heterogeneous precipitation at the
W- v interphase boundaries andy - y grain boundaries.

Certain experimental data from other previous results is also consistent
with this interfacial phase being an eta-carbide; For example, the x-ray
results reported by 'Kannappan]9 can be partially rationalized if an
eta-carbide with lattice parameter, ag = 1.116 nm (i.e., MgC) is assumed
to be present. The additional reflections cannof be explained by assuming
the presencev*of an MjpC eta-carbide but could possibly be accounted for
if the orthorhombic (Ni,Fe)W intermetallic phase was a]sovpresent.: Another
fnteresting comparison between the present investigation and néar]y all
previous results 1is the striking similarity of the feported composition
of this additional ﬁhase. Excluding carbon, which wou]d ﬁot have been
detected with the analytical methods that were utilized, the precipitaté _
compoéition was consistently found to be very near 75W-10Ni-15Fe, regardless
of whether the subsequent interpretation concluded- it. was an Mj2C
eta-carbide, ! the.(Ni,Fe)w intermetallic compound,11,20 or did not specify
_the 1dentity.19 : |

One possible imp]icatidn from this- last point is that the previdus
conclusions Stating that the.additional phase is an intermetallic compodnd
are incprrect. However, this conf]icts» with the x-ray evidence reported
by Edmonds and JonesZ0 and Hgnig,Aet al.ll. As mentioned previously, Henig
et a1.1] have identified FeW as a new intermetallic compound in the Fe-W
binary system, which is isomorphous with orthorhombic NiW, thus furthering

the hypothesis that there does exist a (Ni,Fe)W intermetallic compound
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that has complete nickel and iron miscibi]ify (Fig; 13). Edmonds and Jones20
also réported that the interfacial phase dissoTVed after heat treating
the heavy alloy at 1000°C and above, but the MjoC eta-carbides are thought
to be stable up to approximately 1400°C.2439 However, the N intermetallic
is believed to form peritectoidally below about 1038 °C,23 and (Ni,Fé)N
méy form at a lower femperaturé in the ternary alloy. Nevertheless, the
present reéu]ts cannot confirm the existence of.the orthorhombic (Ni,Fe)W
intermetallic compound in the W-Ni-Fe system. Future experiments in this
area shou1dvbe performed with very pure M-Ni-Fe alloys so that impurity
elements will not interfere with the true phase equilibrium determination.

Clearly, the formation of a brittle third phase at the W-Y interphase
-boundaries should bé prevented if adequate heavy alloy ductility is deéired.
Interphase boundary carbide .precipitation can of course be suppressed if
the carbon concentration is kept low enough ahd the thermal processing
of the alloy controlled so as to minimize aging in the 750-856’C temperature
range. Another épproach might be that of microalloying with a strong
carbide-forming element (e.g. Nb, Ti or Ta) so as to precipitate carbides
uniformly throughout the matrix region and not at the W-v interphase
boundaries. However, further eXperimenta] research would be essential
to show the viability of this procedure. |
5. Conclusions

1) A discohtinudhs precipitation reaction fesu]ting in alternating
tungsten and Y;phase lamellae was found to occur in the matrix region of
the 90W-5Ni-5Fe heavy alloy. it was necessary to solution treat at 1350°
C for 1 hour and water quench prior to aging in the 750-850°C temperature

rénge to induce this reaction. Even so, the regions transformed in this
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manner are sporadic and localized, and the effect on mechanical properties
is believed to be negligible.

2) A concurrent heterogeneous precipitation reaction was found to
occur sporadically at the W-v interphase and v-y grain boundaries. The
precipitate is believed to be an MjpC (M = Ni, Fe and W) eta-carbide with
lattice parameter, ag = 1.096 i_0;004 nm. This morpho]ogy shou1d-be avoided
if maximum ductility and impact toughness is desired.

3) Two specially manufaétured f.c.c. "matrix-composition” alloys have
been examined in order to understand better these two precipitation reactions
in the heavy alloy. The first was processed so as to induce precipitation
of tungsten in various moerphologies, and the second was found to contain
(Ni,Fe)3W3C eta-carbides with 1aftice'parameter,'ao = 1.1165 + 0.0005 nm.
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TABLE I. Results of bulk chemical analysis in weight per cent for the
thirteen elements listed."

Matrix-Composition -

95W-5Ni-5Fe Matrix-Composition
Element (Commerical) Alloy A Alloy B
W 89.7 (18.8)" 21.2 (21.5)"
Ni 4.3 (40.1)*" 38.1 (38.5)"
fe 4.8 : | (@)t 39.7 (40.0)"
c 0.004 0.027 0.10
N <0.01 <0.001 <0.07
B <0.0005 nil 0.0014
p <0.01 . nil <0.01
S - 0.003 0.0006 0.005
" Ca 0.14 nitl 0.02
Na 0.21 nil 0.05 .
K 0.05 nil 0.02
Si 0.73 nil 0.72 |
Ti no analysis 0.011 <0.003

* - From electron microprobe analysis (i_0.3‘wt%).
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Line No. d(nm) {hk]}fcc
1 0.6559 ' 111
200
2 0.3991 220
' ‘ 311
222
3 0.2807 400
4 0.2574 331
' 420
5 0.2287 422 :
6 0.2156 333,511
7 0.1979 440
. 531
8 0.1866 442,600
9 0.1768 620
.. o 533
10 0.1687 ' 622
' 444
11 0.1566 551,711
640
. 642 v
12 0.1457 553,731
13 0.140 (v. weak) 800
14 0.1366 733
644,820
15 0.1318 660,822
16 0.1291 555,751
662
JEET 840
17 0.123 (v. weak) 753,911
- 842
18 0.119 (v. weak) 664
: 931
844
19 0.1124 755,771,933
860,1000
20 0.1096 862,1020

TABLE TI. Experimentally observed x-ray diffraction reflections
consistent with a face-centered cubic Bravais lattice
with a, = 1.1165 + 0.0005 nm.
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Allowed Reflections

(number) ( = 2n implied unless vtnerwise indicated)
{hk1} {0k1} ~ {hh1} {001}

Fm3m h+k ,h+1,k+1 k,l h+1 1
(225)
Fm3c - htk ,h+1 ,k+1 k,1 h,1 1
(226) ‘
Fd3m h+k ,h+1,k+1 k+1=4n h+1 1=4n
(227) f k,1
Fd3c h+k ,h+1,k+1 k+1=4n h,l 1=4n
(228) . k,1

TABLE III. Reflection conditions for the face-centered cdbic space groups of
m3m point group (after reference 30).
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~ Eta-carbide ‘ ag(nm) _ Reference
NigheC 1.0900 + 0.0004 24
FeghcC . ~1.0957 + 0.0001 ' 27
Ni M, 1.1242 £ 0.0020 | 24
 FeghsC 1.1124 + 0.0020 | 27
M12C(M=N1,Fe,W) | | 1.096 + 0.004 (in heavy alloy)
(Ni,Fe) JHoC o 1.1165 + 0.0005 (in alloy B)

TABLE IV. Lattice parameters of the eta-carbides occurring in the Ni-W-C
and Fe-W-C systems with those measured in the present work. The
large error associated with the M.C carbides is thought to be
due to their large range of stoicﬁiometny.



Bulk carbon

Approximate Carbon

Alloy concentration in the Observed éarbide Thermal treatment Reference
(nomina] composition) concentration (wt%) y-phase (wt%) Morphology :
91W-4.5Ni-4.5Fe 0.045 0.22 Extensive inter- Furnance cool from 1,21
(commercial) phase boundary sintering temp-
M,,C erature o
12”
90W-5.2Ni-4.8Fe 0.014 0.06 Sporadic S.T. 1350°C, 1 hr. 21
(experimental) Widmanstdtten and | and 750-950°C, 10
: interphase bound- | + hrs.
ary M]2C
90W-5Ni-5Fe 0.004 0.014 Sporadic inter- S.T. 1350°C, 1 hr. this
(commercial) ’ : phase boundary and 750-850°C, 100 work
' M, ,C hrs.
12 .
*
21.2W-38.1Ni-39.7Fe 0.10 - Uniform dis- Upon manufacture this
(experimental) tribution of final anneal, work

v3um diameter

M6C

1390°C, 20 hrs.

TABLE V. .Comparison of the W-Ni-Fe alloys in which the presence of an eta-carbide has been experimentally established.

(*~ this high carbon concentration is believed to be due to contamination occurring during the hydro-
static pressing of the blended metal powder).

_08—
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Figure Captions

Fig. 1. Optical micrograph of the commercially supplied 90W-5Ni-5Fe heavy
alloy. | | |

Fig. 2. » Discontinuous precipitation in the matrix -region of the heavy
alloy (a) TEM, solution treated at 1350°C for 1 hour (S.T.) and aged at
750 °C for 100 hours, (b) TEM, S.T. and aged at 850°C for 100 hours; (c)
optica],_S T. and aged at 850°C for 100 hours; (d) opt1ca1 S.T. and aged
at 850°C for 20 hours.

Fig. 3. TEM micrographs identifying the lamellae as‘ W and v (a) bright
field, (b) dark field using a tungsten reflection.

Fig. 4.. Prétipitéte morphology as a function of aging temperature (t =
100 hours) for matrix-composition alloy A (a) 750°C, (b) 850°C, (c) 95C°
C, (d) 1050°C, (e) 1150°C, (f) 1250°C. |

Fig. 5. Discontinuous precipitation initiating at grain boundaries in
matrix—compqsition a]]oy:A after 750°C for 10 hours (note the double seam
morphology).

Fig. 6. Transm1ss1on e1ectron micrographs of- matrlx compos1t1on alloy A
showing different precipitate morphologies after ag1ng at 850° C for 100
hours (a)-(c) different areas (see text for description).

F?Q. 7. Transmission electron micrographs of matrix-composition alloy
A showing (a) Widmanstatten morphology, 1050°C fof 100 hours; (b) grain
boundary allotriomorph, 1250°C for 100 hours.

Fig. 8. Transmission electron micrographs showing interfacial precipitation
in the heavy alloy. (a) W-y boundary, S.T. and aged at 750° C for 100
hours; (b) W~y boundary, S.T. and aged at 850°C for 100 hours; (c)vvy boundary,
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- S.T. and aged at 750 °C for 100 hours; accompanying f.c.c. selected area
diffraction patterns, (d) B=[0117, (e) B=[113], (f) B=[233], (g) B=[1351,
(h) B=[1,7,12].

Fig. 9. Transmission electron micrograph of the insoluble precipitate
in matrix-composition alloy B (a) bright field; accompanying f.c.c. selected
area diffraction patterns, (b) B=[001] (the 1200} iype reflections are
too weak to be photographically- reproduced but are visibﬁe on the negative),
(c) B=[1111, (d) B=[235], (e) B=[455], (f) B=[479].

Fig. 10. Convergent beam electron diffraction patterns from the precipitate
in matrix-composition alloy B (a) B = [111] with 3m whole pattern symmetry,
(b) B = [110] Qith 2mm whole pattern symmetry.

Fig. 11. LIMA spectra froh matrix-composition alloy B (a) surrounding
matrix, (b) precipftate region showing a sha]] carbon peak.’

Fig. 12. Representative EDS spectra obtained from matrix-composition alloy
(B) (a) surrounding matrix, (b) insb]ub]e'precipitate.showing significantly
more carbon. The labeled peaks were those used for quantification.

Fig. 13. The 800°C isotherm for W-Ni-Fe phase equilibria proposed in

reference 11,
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