
(LftOF-
By acceptance ot thitarhctn. th»
publnhar or racipiam 4chnowl#d(/«
tha U.S. Government'* tight to
f«tam a non«nclu*iv«, royalty t f «
llconie in ano] to any copyright
covering the article).

DUCTILITY MINIMUM AND ITS REVERSAL WITH PROLONGED AGING
IN COBALT- AND NICKEL-BASE SUPERALLOYS1

Joseph P. Hammond

Metals and Ceramics Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

- NOTICE -

"Hm report was prepared u an account of work
sponsored by the United States Government. Neither the
United States ,,or the United Stales Departmeni of
Energy, nor any of their employees, nor any of their
contractors, subcontrmors, or their employees, makes
any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or
process disclosed, or represents that its use would not
infringe privately owned rights. j

ABSTRACT

The cobali-base superalloys Haynes alloy No. 25 and Haynes alloy No. 168
and Che nickel-base superalloy Inconel 625 show a pronounced ductility minimum
at temperatures of 760 and 704°C, respectively, in u.ie solution-annealed con-
dition. However, after prolonged (11,000 h) aging at 816°C (1500°F), copious
precipitates form to completely reverse the behavior. These precipitates
reduce tensile ductility drastically up to temperatures where the ductility dip
is observed for the solution-annealed condition; then the brittle behavior from
aging gives way to greatly enhanced ductility. This behavior in Haynes alloy
So, 25 is examined in detail. Its tensile properties in the solution-annealed
and 816°C-aged conditions are correlated with mode of fracture and the amounts,
identity, and morphology of the precipitates. The latter were assessed by
optical and scanning electron metallography, microhardness, electron
microprobe, and x-ray diffraction. The minimum ind its reversal are explained
by thermally activated processes, which began with the onset of recovery.

INTRODUCTION

.mong the various criteria for evaluating high-temperature alloys for
nuc .ear and solar energy-conversion applications, good mechanical properties
and their retention in the face of prolonged thermal aging ranks high. In con-
nection with a broad study of superalloys for such applications — the study
presently includes more thermally stable Hastelloy S, Inconel 617, and Inconel
618 — we examined temperature dependence of the tensile properties of
several of the earlier superalloys. Particular attention was given the
intermediate-temperature ductility loss that occurs in the solution-annealed
condition und the effects of prolonged aging at high temperatures: 11,000 h at
816°C (1500°F) (1).

j For the alloys examined this aging exposure precipitated substantial
jamounts of carbide and intermetallic phases. These precipitates, as expected,
promoti i severe embrittlement at low test temperatures; but at the inter-
mediate temperature [0.5-0.6 Tm (1033 K)], where the ductility minimum
ordinarily occurs for solution-annealed material, ductility was restored.

'Research sponsored by the Division of Nuclear Research and Applications, U.S.
Department of Energy under contract W-7405-eng-26 with the Union Carbide
Corporation.
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To better understand these phenomena, we studied Haynes alloy No. 25 in some
detail.

Significance is attached to ductility-minimum behavior, as it Influences
the hot workability of metals (2). Others associate it with strain cracking in
welds (3,4). The ductility reversal with aging could have importance at slower
strain rates as in creep 05).

EXPERIMENTAL

The investigation was conducted on three heats of Haynes alloy No. 25
(O.G-j 0.11, and 0.35% Si),2 and one heat each of llaynes alloy No. 188 and
Inconel 625. The chemical composition of each of the various heats (1_) con-
formed to the corresponding materials specifications (AMS 5537C, AMS 5608, and
ASTM B443-75, respectively). Haynes alloy No. 25 and Haynes alloy No. 188 are
cobalt base, the former containing nominally 20 wt % Cr, the latter 22 wt % Cr,
and each 14.5 wt Z W as major alloying additions. The hardening that occurs in
Haynes alloy No. 25 with precipitation of secondary phases is described by
Yukawa and Satu (6_), whereas an article by Hercnenroeder et al. (7) describes
precipitation in Haynes alloy No. 188. Inconel 625 is a nickel-base alloy con-
taining 22 wt % Cr, 9 wt 2 Mo, and 3.5 wt % Nb + Ta as important alloying addi-
tions. The precipitation hardening in this alloy is treated by Kimball et al.
(£).

The tensile tests were previously conducted on sheet specimens of the
alloys nominally 1.5 mm thick with a 25.4-mm-long by 6.35-nm-wide gage section.
The long-term (11,000-h) aging was performed in vacuum on machined specimens
given a solution anneal beforehand O_), The specimens tested in the solution-
annealed condition were fabricated directly from as-received stock. Surfaces
of the original sheet were kept intact in both cases. The tensile testing was
performed in air at a crosshead speed of 0. • in./min in a 44.5-kN (10s100-lb)
Instron tensile testing machine. The detai d tensile data gathered on the
different alloys have been documented (I).

In the present work extensive studies were made of the deformation and
aging responses of the specimens of Haynes alloy No. 25 tested both as solution
annealed and after 11,000-h aging at 816°C. These studies Included
examinations by optical and scanning electron metallography, microhardness
tests, x-ray diffraction, and x-ray fluorescence analysis of matrix depletion.

RESULTS

The yield strength, ultimate tensile strength, and total elongation
determined previously as a function of test temperature are shown as composite
graphs for two of the Haynes alloy No. 25 heats, Haynes alloy No. 188, and
Inconel alloy 625 in Figs. 1, 2, and 3, respectively. The solution-annealed
and 11,000-h-aged conditions are included for comparison. The properties for
the aged condition are given at room temperature 316, 760, and 982°C only,
sufficient to reflect the significant changes in the deformation and aging
responses.

Observe that for all the alloys the 11,000-h aging results in poor
ductility at room temperature and 316°C compared with results for the
solution-annealed condition, but that at 760°C ductility is restored.
Significantly, this restoration of ductility occurs in the temperature region
where ductility for the solution-annealed condition achieves its minimum, thus
prompting the term "minimum reversal." At 982°C, a temperature where ductility
for the solution-annealed condition is well restored, aged ductility remains
high. It is noteworthy that while alloys in the solution-annealed and
11,000-h-aged conditions differ markedly In ductility, little difference in
either yield strength or ultimate tensile strength is noted. The exception to
this Is the comparatively high yield strength recorded for Inconel 625 at room
temperature to 760°C in the aged condition (Fig. 3).

2Heats with varying silicon content were included, as silicon may accelerate
precipitation with aging. However, silicon proved to have little or no effect
for the aging conditions we employed.
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Fig. 1 Comparison of the effects of solution annealing with those of aging ^t
816°C on yield strength, ultimate tensile strength, and total elongation of
Haynes alloy No. 25. Data on solution-annealed specimens are from Haynes
alloy No. 25, brochure F-30.041E, Cabot Corporation, Kokomo, Ind., 1970.

Although yield strength and ultimate tensile strength varied little between
the two metal conditions, the large difference in total elongation suggests
Important differences in toughness responses between the two conditions since
this parameter is a product of strength and ductility. In Fig. 4 the energy of
deformation to fracture as measured from the area under the tensile curve, is
shown for Haynes alloy No. 25 In the solution-annealed condition and for each
of the alloys examined in the aged condition. Observe for Haynes alloy No. 25
that the reversal in the ductility cited at 760°C is reflected in an equally
impressive toughness. For each of the cobalt-base alloys, toughness in the
aged condition achieves by far its highest value at 760°C (the ductility-
minimum temperature) and greatly exceeds that for the solution-annealed
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Fig. 2 Comparison of the effects of solution annealing with those of aging at
816°C on yield strength, ultimate tensile strength, and total elongation of
Haynes alloy No. 188. Data on solution-annealed specimens are from Haynes
alloy No. 188, brochure F-30.361B, Cabot Corporation, Kokomo, Ind., 1973.

condition at this temperature (O. The large dropoff in aged toughness on
going to 982°C results from Ice's" of strength rather than ductility at this tem-
perature. It is appropriate, then, in studying the mechanical properties in
Haynes alloy No. 25 to focus on the underlying causes of the ductility minimum
that occurs in the solution-annealed condition and the reversal the alloy
experiences with 11,000-h aging at 816°C (lSOO^F).

Rhines and Wray (£) first observed that under proper conditions of tem-
perature and strain rate a dip in ductility at an intermediate temperature
range occurs in all ductile metals and alloys. They pointed out examples in
transitional metals and in low-melting and high-melting metals alike. The
common characteristic of the minimum is the rapid dropoff of total elongation
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Fig. 3 Comparison of the effects of solution annealing with those of aging at
816°C on the yield strength, ultimate tensile strength, and tctal elongation of
Inconel 625. Data on solution-annealed specimens were obtained from private
communication, Charles Spenaugle, Huntington Alloy, International Nickel
Company, Huntington, W. Va., April 1976.

j'ist above the recovery temperature. They postulated that at low temperatures
fracture occurs by transgranular crack propagation with extensive deformation,
and ductility is high. At intermediate temperatures deformation occurs by
grain boundary shear, and intergranular voids form at triple junctions and grow
unhindered to give intergranular failure. This causes the minimum in duc-
tility. At higher temperatures recrystallization or.jurs simultaneously with
Intergranular void formation and continuously breaks up the path of intergranu-
lar cracking (£). Thus, ductility increases again. In reporting findings of
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Fig. 4 Deformatlonal energy at fracture of superalloys under varying metal
conditions and test temperatures. Bar charts give average of two values at 24,
316, 760, and 982°C (75, 600, 1400, and 1800cF), consecutively.

high-strain fracture in Inconel a!loy 600 resulting from hot torsion testing,
Shapiro and Dieter (2) concurred in the generalized theory advanced by Rhi.nes
and Wray. Later, Arkoosh and Foire (10) examined ductility-minimum behavior
in Hastelloy alloy X (a nickel-base superalloy) and confirmed the theory of
Rhines and Wray, with one exception. They contended that restoration of duc-
tility above the rp'.nimum results from matrix depletion and that recrystalliza-
tion is not realized until much higher temperatures are reached.

Whereas the foregoing concepts have been advanced to t::plain the
ductility-tninirara phenomenon so prevalent in metal and alloys, little appears
in the literature on the reversal effect. Figure S more clearly illustrates
this effect in Hayne? alloy No. 25. In addition to showing the total elonga-
tion curves for the solution-annealed and 11,000-h-aged conditions, curves
marking the onset of unsta' le scctn (defined here as elongation at maximum
true stress) are included. Significantly, this graph shows that the improve-
ment In ductility at the minimum resulting from 11,000-h aging is largely
stable strain.

In explaining the underlying principles of this graph it is expedient to
treat the region between 649 and 871°C since, as we shall see subsequently, the
dividing line between the low- and the high-temperature cracking mechanisms is
here. A basic transition is that the failure mode switches from transgranular
to intergranular for the solution-annealed condition and from intprgranular to
transgranular for the 11,000-h-aged condition with rising tempp»-dture in this
range. Generally transgranular failure involved large total elongation, as
manifested by an extension of grains in the loading direct'on. On the other
**"d, intergranular failure gave a low total elongation r.ith little change in
grain shape. A satisfactory explanation of the minimum and its reversal shoiliji
account for these relationships.

Photomicrographs illustrating the microstructure at the fracture faces for
the various solution-annealed and 11,000-h-aged specimens pulled in this tran-
sition region are shown in Fig. 6. The fracture modes and total elongation
values are given beneath the micrographs.

Microhardness of grain centers just off the fracture surfaces was measured
for tests at room temperature and from 649 to 982°C for both the solution-
annealed and L.IC 1. 01i0-n-a?ed conditions. Curves of hardness at room tem-
perature versus c ipciavo.^ during tensile testing of the Haynes alloy No. 25
are compared for tht two conditions in Fig. 7.
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Fig. 5 Stable and total elongation of Haynes alloy No. 25 as influenced by
metal condition and test temperature.

A final aid to interpreting the results is the following information
excerpted from the work of Yukawa and Satu (6i) on the identification and ki-
netics of phase precipitation in the Haynes alloy No. 25. The aging process
proposed at 800°C (1472°F) is:

(M7C3) Laves-Co2W (1)

The phase in parenthesis is metastable. Age hardening at 800°C and higher is
attributed to precipitation of carbides (M23C6 and MgC) and Laves-C02W.
At temperatures below 800°C, 100 h and longer is required to init'ite precipi-
tation of the Laves-CO2M phase, whereas the carbides are formed in much
shorter periods. The Iaves-CO2W phase is rather fragile and is thought to
promote brittleness in Haynes alloy No. 25 (1O, whereas the carbide phases
generally are toug.-er. For our aged Haynes alloy No. 25 specimens, a weighing
and an analysis by x-ray diffraction of residues extracted by electrolysis
indicated a total of 14.7 wt % precipitate had formed; approximately half of
this was Laves-0o2W and the remainder unidentified phases, perhaps y-Co W
or carbides. 7 6

As in -evious findings on ductility-minimum behavior (2^9^10), we found
fracture in the solution-treated alloys to occur by the usual transgranular
crack propagation mechanisms at temperatures below the transition (649°C and
lower), and elongation, accordingly, was very high. This will be noted from
the microstructure after testing at 649°C (Fig. 6a). Total elongation was 66%,
and grains were extended along the gage section.

At the minimum-ductility temperature (76O°C) intergranular voids formed at
triple junctions as a result of grain boundary shear and eventually grew unim-
peded to give early intergranular fracture (Fig. 6b). Total elongation was a
low 21%, and grains along the gage section, accordingly, were relatively unex-
tended. This fracture is one of three basic types illustrated by scanning
electron microscopy (SEM). Observe in Fig. 8a that failure indeed is intergra-
nular, but the distinctive cusps seen at higher magnification indicate high
localized plasticity. Similar features prompted Rhines (9) to coin the
expression "plastic brittleness" for ttls behavior.
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The minimum behavior here proved so pronounced that we suspected that
strain-induced submicroscopic precipitation hardening (by carbides) and concom-
mitant softening near boundaries by denudation abbett_"d the cracking. However,
the low hardness exhibited by the specimen displaying t^e minimum ductility in
Fig. 7 (solution annealed, pulled at 76O°C) suggests that tMa may not be the
case. Instead, the intergranular cracking may be aided by the dynamic disloca-
tion recovery mechanism postulated by Sikka (4_). He suggests that work-
hardened grains are preferentially recovered adjacent to jrain boundaries as a
result of a low vacancy diffusion rate and, as a consequence, cavltation
cracking is facilitated.

At 871°C fracture occurred as a result of predominantly transgranular
deformation acting in concert with Intergranular cracking fFig. 6c). Although
the mode of fracture was still intergranular, total elongation w-;s a moderately
good 41Z, and grains correspondingly were extended along the gage section. At
this temperature the vacancy diffusion rate is high, and, accordingly,
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dislocation entanglements throughout grains are expected to recover as disloca-
tions climb to form substructures and, on occasion, are annihilated. Also,
intergranular cracking is delayed by thermal recovery of crack fronts. Unlike
the findings of Rhines (9_), evidence for recrystallisiation isolating intergra-
nular cracking and in this way enhancing ductility was lacking.

At 982°C the failure mode again was distinctly Intergranular, but
transgranular deformation obviously contributed substantially to a high 44%
total elongation. Here cracking occurred at triple junctions adjoining the
rather bulky constituent that had formed continuously in the grain boundaries.

Before presenting results on the fracture of Haynes alloy No. 25 in the
11,000-h-aged condition, we emphasize here several intrinsic features that
contrast it with the annealed situation. First, aging riddled the alloy with
precipitates that formed semicontinuously in grain boundaries, rather con-
tinuously at twin boundaries, and were well distributed as small particles and
platelets throughout the grains. As we remarked earlier, the secondary phase
constituted 14.7 wt % of the structure.

Secondly, because such a large amount of precipitate was formed, the
matrix phase undoubtedly was substantially depleted of its elevated-temperature
solute strengtheners, tungsten and chromium. A microprobe analysis of the
matrix showed that it was depleted oi tungsten by about 33 wt X, and that
tungsten was uniformly distributed through the matrix. Bourgette (11_) also
found matrix depletion (50%) in Haynes allc • !,'o. 25 aged 1000 h at '87boC. This
alloy depletion, no doubt, resulted in con ; lerable softening of the matrix
phase.

Finally, it Is significant that, as a result of this matrix depletion, the
alloy's capacity for precipitation was virtually spent, and, therefore, the
alloy was more structurally stable.

An assessment of the experimental results for the 11,000-h-aged condition
showed that pulling specimens below the minimum-ductility temperature produced
fracture of an intergranular mode with little evidence of plasticity. This is
Illustrated in Fig. 6d for the specimen pulled at 649°C. Grains in the gage
section showed meager extension and total elongation was only 15%. Figure 8b
shows scanning electron micrographs of the fracture surface of the specimen
pulled at room temperature, which has basically the same failure mode as the
former specimen although it is less ductile (10% total elongation). The
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topology is intergranular, and the granular texture seen on the faces pro-
jecting from the triple point (higher magnification) indicates brittleness and,
furthermore, may represent brittle phases.

Pulling the aged specimen at 760°C (the ductility minimum for the
solution-annealed condition), on the other hand, produced a transgranular mode
of fracture (Fig. 6e) and gave rip^ to the dramatic ductility inversion seen in
Fig. 5. Grains in the gage section were extended and total elongation measured
59%, as contrasted to only 21% experienced by the solution-annealed specimen
pulled at this temperature. The scanning electron micrographs of this fracture
surface are shown in Fig. 8c. The transgranular mode of the fracture is



confirmed, and high ductility at surfaces <s mar'.feated by the many cusps along
with several cup-and-cone type separations. Th( more reflective surfaces in
Fig. 8 (b and c) may be twin boundaries.

Fracture of aged specimens pulled above the minimum-ductility temperature
also occurred transgranularly with good ductility, as illustrated in Fig. 6(f)
Cor the test at 871°C. For the latter, total elongfitton was 62%.

That the aged specimens teated at the lower temperatures showed a lack of
ductility was not surprising, since the Laves-C02W phase they contained was
brittle. Cracking quite understandably occurred at the grain boundaries where
the precipitate was largely strewn, except for an occasional cleavage at twin
boundaries. That the inversion of ductility occurred immediately above the
temperature where recovery begins suggests that the underlying causes are ther-
mally activated. It was first thought that stress-relieving the tips of pre-
vailing cracks was involved. However, separate experiments in which aged
specimens were pulled at 760°C to a point just below the onset of unstable
strain (Fig. 5) and then unloaded, clearly showed that the precipitate phases
resist cracking up to very high levels of extension. This disproves the former
and confirms something far more basic, namely that the precipitates (Laves-
C02W included) assume a more plastic character at this temperature. The
microstruciiure of an overaged specimen pulled at 760°C to 35% total elongation
is illustrated in Fig. 9.

Another factor that undoubtedly contributed to the reversal in ductility
with aging at 816°C is the change in the morphology of precipitates at the grain
boundary. Whereas the grain boundary constituent was thin and virtually con-
tinuous in the solution-annealed structure [Fig. 6(b)], it was coarse and semi-
dispersed in the aged structure [Fig. 6(e)]. Such a dispersion would tend to
resist the shearing at grain boundaries essential to cavitatlon cracking.

"^Such twin boundaries generally were lined with precipitates during overaging,
and frequently cleaved cleanly at the lower test temperatures.

Fig. 9 Typical crack-free microstructure of Haynes alloy No. 25 spec* jed
at 816°C and pulled to 35% total elongation at 760°C. Section norm. ,age.
Arrow indicates stress axis. Etchant: 100 ml HC1 + 12 drops H2O2.



By having averted early intergranular cracking, the aged specimen would be
expected to undergo extensive transgranular deformation. This deformation, no
doubt, is facilitated by a more plastic matrix softened by solute depletion.

In the final stages of deformation, microcracks formed normal to the
stress axis witnin the precipitates (platelets) and spread to the matrix. The
matrix cracks were then blunted by local deformation. Pores formed adjoining
the rounder precipitate particles in prolongation with the stress axis.
Ultimately, failure occurred transgranularly by fracture through the voids.

Evidence of the microcracks and pores formed in aged specimens pulled at
649, 760, and 871°C are seen in the micrcgrapfis of Fig. 6(d-f). Crack
blunting is prominent at 760°C (Fig. 6(e)J, whereas pore formation it particle
boundaries is common at 871°C [Fig. 6(f)j.

The hardness curves of Fig. 7, interestingly, show a hardness inversion to
occur at the same temperature where the ductility of the tensile tests was
reversed (Fig. 5). Below 760°C the pulled solution-annealed specimens are
harder than the aged specimens because the heavily burked solid solution struc-
ture [Fig. 6(a)] predominates over the little-worked dispersion structure
[Fig. 6(d)]; at 760°C and above the pulled aged specimens are the harder since
the now heavily worked dispersion structure [Fig. 6 (e and f)] predominates
over the moderately worked structure relatively devoid of precipitates [Fig. 6
(b and c)]. The hardness curves show a general hardness drop at the highest
temperatures as a result of recovery.

Finally, it is important to note that the unstable portions of the strain
(shaded regions of Fig. 5) in the specimens tested at 760''C were quite dif-
ferent for the two metal conditions. Whereas for the aged specimens the
tensile—test curves were smooth throughout and the final fracture always
occurred at about 80% or more of the ultimata stress, for the solution-annealed
specimens, rhe flow curves were highly serrated at strains beyond the ultimate
tensile stress (point of instability in Fig. 5), and fracture occurred at only
a small fraction of the ultimate tensile stress (less than 14% of it). This
serrated effect, initiated in the solution-annealed specimen at the onset of
unstable strain, was linked to the ductility-minimum behavior and the intergra-
nular cracking phenomenon that produces it. These serrations consisted of
large yield drops to values substantially below the general level of the flow
curve, which would then build up to successively lower stress levels with each
drop. For the test represented in Fig. 5, fewer than 40 serrations accom-
modated the 86% total dropoff in stress level before final failure occurred.

Figure 10 illustrates the character of the Intergranular cracking in its
earliest stages at 760°C in solution-annealed Haynes alloy No. 25. Figure 11
shows the nature of the cracking in the solution-annealed specimen when pulled
to failure at 871°C. In each of the micrographs, evidence is seen for the
wedge-type void (12_) that forms at triple junctions. The oval-type void (13)
tha^ forms along grain boundaries Is noted in the latter micrograph.

DISCUSSION

The temperatures at which the minimum in ductility occurs as well as the
magnitude of the dip are generally influenced oy numerous variables, but
chiefly by strain rate,, OLher important factors include the grain size,
matrix-hardening by solid solution or dispersion strengthening, and grain boun-
dary precipitation. Sikka (4) gives an excellent treatment of the effects of
some of these variables on the minimum-ductility behavior in types 304 and 316
stainless steel. In our study a combination of strain rate and temperature was
chosen to accentuate the minimum and its reversal with prolonged a£ing at a
single exposure temperature. We do not propose to elucidate the influence of
interacting variables.

That we obtained so much ductility at the minimum temperature should not
be taken to mean that aging treatments generally have such an effect. On the
contrary, we should point out that Lhe aging of thermally unstable alloys may
produce an even greater deficiency In intermediate-temperature ductility where
the prolonged aging is carried out at low temperatures. Examples of this are
the following.



Fig. 10 Intergranular cracking in an early stage in solution-annealed Haynes
alloy No. 25 pulled at 760°C. Section normal to gage. Arrow indicates stress
axis whereas X marks the wedge-type crack. As polished.

Sikka recently showed for both nill-annealed and solution-annealed type
316 stainless steel (4) a substantial improvement in ducti l i ty after prolonged
aging at 649°C (the ductility-minimum temperature) and testing at the same tem-
perature, but an equally imposing loss in ductil i ty when long-time aging and
testing at 593"C (just below the minimum).

Also, Kimbal et a l . reported a severe loss in ductil i ty of solution-
annealed Inconel 625 (8_) as a result of prolonged aging in the 593—760°C
(1100-1400°F) temperature range.* Yet we have shown that prolonged aging
at a somewhat higher temperature, 816°C, gives the high ductil i ty at the
minimum-ductility temperature.

SUMMARY

Pronounced tensile ductil i ty minima occurred in solution-annealed Haynes
alloy No. 25, Haynes alloy No. 188, and Inconel 625. Inversions of the total
elongation-test temperature curves occurred for these alloys after prolonged
aging (11,000 h) at 816°C. The minima and their reversals were pronounced,
occurring at approximately half the absolute melting temperature.

Haynes alloy No. 25, whose tensile properties were examined in some
deta i l , exhibited minimum behavior in the solution-annealed condition composed
of three distinct regions. Ac temperatures up to the ducti l i ty minimum
(760°C), deformation and fracture occurred by the usual transgranular cracfc-
propagition mechanism and total elongation was very high. At the minimum tem-
perature, transgranular deformation was interrupted by intergranular cracking.
Wedge-shaped voids produced at t r iple junctions by grain boundary shear grew
unhindered, leading to intergranular failure aad a drastic reduction in total
elongation. At temperatures above the minimum, fracture occurred by transgra-
nular deformation acting in concert with grain boundary shear. Although

''These authors attributed the loss in ductil i ty to a matrix strengthening com-
bined with the formation of continuous, br i t t le grain boundary precipitates.



Fig. U Intergranular cracking in solution annealed Haynes alloy No. 25 pulled
at 871°C. Section normal to gage 1/2-in. removed from fracture surface. Arrow
indicates stress axis. The X marks the wedge-type void and Y the oval-type.
Etchant: 100 ml HC1 + 12 drops H202.

failure still occurred by intergranular cracking, total elongation was high as a
result of thermal recovery of crack fronts and the predominance of transgranu-
lar deformation.

After aging Haynes alloy No. 25 for 11,000 h at 816°C, copious (14.7 wt %)
precipitates, of which the Laves-Cc^W phase was dominant, formed at grain and
twin boundaries and as well distributed bulky particles and platelets
within the grains. As a result t'ie matrix was depleted of solute hardeners
(tungsten reduced by 33%) and was significantly softened.

At test temperatures up to 760°C, corresponding to the ductility minimum
for the solution-annealed condition, early fracture of the aged tensile speci-
mens was induced by the fragile precipitates, and failure was intergranular.
Total elongation understandably was very low. At the minimum, in contrast to
the solution-treated condition, fracture occurred transgranularly, and total
elongation was again high. This reversal in ductility, which persisted to
still higher temperatures, was attributed to several contributing factors: (1)
the brittle precipitate phases toughened at 760°C and resisted cracking, (2)
precipitate particles dispersed about the grain boundaries inhibited intergra-
nular cracking by thwarting grain boundary shear, (3) transgranular
deformation was enhanced by a more plastic matrix softened by solute depletion,
and (4) cracks, once formed, were blunted by local deformation and thermal
recovery.
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