A Fractographic Investigation of Thermal
Embrittlement in Cast Duplex Stainless Steel

T. KOBAYASHI and D. A. SHOCKEY

The fracture surface topography analysis (FRASTA) technique under development at SRI was applied
to seek an explanation for severe thermal embrittlement observed in cast duplex stainless steel. By
comparing topographic features of conjugate fracture surfaces, FRASTA showed that fracture in
thermally embrittled cast duplex stainless steel occurs by microcrack initiation at delta-phase grain
boundaries and at alpha-phase/gamma-phase interfaces, and by microcrack growth along these bound-
aries and interfaces. The critical crack tip opening displacement (CTOD) as measured from cross-
sectional views generated by the FRASTA technique indicated a microcrack initiation toughness, J;.,
of 287 KJ/m?, in excellent agreement with measurements using conventional fracture mechanics
procedures, and significantly less than the toughness of unaged material.

I. INTRODUCTION

DUPLEX stainless steels are Fe-Cr-Ni alloys that have a
microstructure consisting of two primary phases: austen-
ite (gamma) and ferrite (alpha). Metallurgical overviews of
duplex stainless steels are provided in the articles by
Solomon and Devine.'? These steels are of particular inter-
est to the nuclear industry because they exhibit high strength
and fracture toughness, high resistance to pitting and crevice
corrosion, and less susceptibility to sensitization and inter-
granular corrosion than austenitic stainless steel. However,
the use of duplex stainless steels by utilities is as yet negli-
gible because of concerns related to thermal embrittle-
ment, that is, the long-term performance when the materials
are subjected to temperatures as low as 250 °C for an
extended period.

Thermal-embrittlement characteristics of duplex stainless
steels have been investigated by many researchers.”™ The
well-recognized 475 °C embrittlement is associated with the
separation of the ferrite into an iron-rich alpha phase and a
chromium-rich alpha-prime phase (the lowest-temperature
decomposition product of ferrite in a duplex stainless
steel).">** The concern is that this precipitation of the alpha
prime that gives rise to the phenomenon of 475 °C embrittle-
ment may also degrade the toughness after long exposures
to temperatures as low as 250 °C,'® making duplex stainless
steels unreliable for certain nuclear power applications.

Because of a lack of appropriate experimental data, the
embrittlement behavior at low temperatures has been ex-
trapolated from higher-temperature results. Grobner* and
Solomon' found that an Arrhenius rate equation with the Cr
diffusion activation energy (48 kcal/mol) could be used to
describe low-temperature (475 °C) embrittlement; however,
Trautwein and Gysel® noted that an activation energy of only
24 kcal/mol would correlate their embrittlement data in the
temperature range of 300 to 400 °C for cast duplex stainless
steels and that the rate of embrittlement was 10 times faster
than that assumed up to now. It is apparent that significant
questions still exist regarding the nature and Kkinetics of the
embrittlement mechanisms of alpha prime.
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To investigate the thermal embrittlement characteristics
of cast duplex stainless steel, the mechanical properties
(specifically, the fracture toughness) of a specified alloy in
both the as-cast and aged conditions were characterized.’
The specific aging treatment was 312 hours at 400 °C,
which was assumed equivalent to 1.7 years at the nuclear-
component operating temperature of 280 °C. The test results
indicated that the as-cast material possessed a high fracture
toughness [J,, = 2.49 MJ/m? (14,200 in-lb/in?%], but the
fracture toughness of aged material was significantly lower
[0.289 MJ/m? (1650 in-Ib/in%], as shown by the fracture
toughness-resistance (J-R) curves in Figure 1.° (The blunt-
ing lines indicated in the figure are computed according to
the ASTM standard test method'® and show crack tip behav-
ior before crack extension.) To seek reasons for this drastic
drop in toughness, the microstructures of the two materials
were characterized and Charpy impact energies were mea-
sured. The results, however, did not provide an explanation.

This paper describes an attempt to delineate important
changes in the fracture mechanism due to thermal em-
brittlement, by quantifying the topologies of the fracture
surfaces of an aged specimen and reconstructing the fracture
process by computer matching of conjugate fracture surface
topographs. This technique, called FRASTA, is described in
the next section; the results from applying FRASTA to ther-
mally embrittled cast duplex stainless steel and the conclu-
sions concerning the fracture mechanism, toughness, and
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Fig. 1 — Static J-R curve for cast and aged duplex stainless steel.
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the influences of microstructure are presented in the sub-
sequent sections.

II. FRACTURE EVENT RECONSTRUCTION
VIA THE FRASTA TECHNIQUE

The fracture surface topography analysis (FRASTA) tech-
nique is a procedure for reconstructing the process of crack
extension in microscopic detail by comparing topographic
features of conjugate areas of opposing fracture sur-
faces.''>" The technique can be used to establish the fail-
ure mechanism, i.e., the sequence of microfailure events
that occurs in the vicinity of the main crack front as the crack
advances through the material. FRASTA also provides con-
tinuous measures of local fracture toughness in the forms
of crack opening displacement and crack opening angle.
Furthermore, the technique, coupled with fractographic and
metallographic information, indicates the role of micro-
structure in the failure process.

To understand how the FRASTA technique can provide
details of the fracture mechanism and values for the fracture
toughness, one must consider how material fails. Under
application of a load, a material generally undergoes local
plastic flow before failure begins at some weak spot or stress
concentrator in the form of a microvoid or microcrack. The
stresses beneath the newly formed microfracture surfaces
fall to zero, and the material there relaxes and undergoes no
further plastic deformation. The applied load is redistributed
to nearby unbroken material, which continues to deform
plastically until it fractures. Thus, each increment of micro-
crack activity is preceded by an increment of plastic flow, a
fact that is basic to the FRASTA technique.

As the applied load continues to rise and as the local
stresses around the microcrack are transferred to unbroken
material, additional plastic flow occurs and other micro-
cracks and microvoids initiate, grow, and eventually co-
alesce. Each initiation event and each growth increment is
accompanied by local deformation, and the deformed mate-
rial is left in relief on the developing fracture surface. Thus,
each tiny volume of material involved in the separation
process first deforms, then stops deforming when it fails,
while adjacent unbroken material continues to deform until
it, too, fails. This sequential deformation and failure process
produces irregularities on the fracture surface, and hence the
sequence of microfracturing is recorded in the topography
of the fracture surface. The local incremental deformation
of the fracture surfaces allows the sequence of micro-
fracturing to be determined and the macrofracture event to
be reconstructed; this procedure is the basis of the FRASTA
technique.

To access the information recorded as roughness on the
fracture surfaces, we determine quantitatively the topogra-
phy of the surfaces by photographing the surfaces in stereo
with a scanning electron microscope. Accurate stereopairs
are produced by aligning the fracture surface normal to the
axis of the microscope and then rotating the stage 4 deg
to the left and to the right, taking photographs at each
orientation.

The semiautomated cartographic equipment of an ae-
rial surveying company is used to extract the topographic
information from the stereo fractographs. These data are
digitized and compiled in a computer and are displayed as
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topographic maps. The failure process can be analyzed at
any desired level of detail by analyzing stereo fractographs
of appropriate magnification.

In preparation for reconstructing the fracture process, the
topographic map of one fracture surface is inverted and
superimposed on the map of the conjugate surface. The two
maps then are translated and rotated with respect to each
other until identifiable corresponding points on the two sur-
faces are in alignment. Then the relative distance between
the maps is adjusted so that the topographic surfaces overlap
everywhere; that is, no spaces exist between them.

The fracture process is reconstructed by increasing the
distance between the conjugate maps in small increments.
After each displacement the projected area is scanned to
determine whether overlap is still complete or nonover-
lapping regions appear. Gaps between the conjugate maps
signify material separation. Gap location and size indicate
the location and size of a microcrack. Increase in gap size
with successive map displacement indicates microcrack
growth behavior, and merging of adjacent gaps illustrates
microcrack coalescence behavior. The gradual shrinkage of
overlap areas between converging gaps corresponds to the
narrowing and stretching of ligaments of material con-
necting the separating fracture surfaces. These results can
be displayed as fractured-area projection plots, as cross
sections through the cracking material, and as three-
dimensional gap profiles.

FRASTA, at its present stage of development, does not
consider possible history effects during formation of the
fracture surface. Once a microseparation appears, that area
of free surface is assumed to be unaffected by subsequent
deformation and separation in adjacent material. Further,
the technique considers only the component of deformation
perpendicular to the macrofailure surface. Deformation par-
allel to the fracture surface, although much smaller, may
also exist, and could change the topography of existing
microfailure surfaces. It is difficult to estimate how much
the history effect and lateral deformation influence the final
surface topography. The magnitude of the effects may vary
with material and loading conditions. However, our experi-
ence with FRASTA suggests the effects are small. In each
of the fracture problems treated thus far,'** close matching
of conjugate topographs was achieved even near to com-
plete overlap.

III. DETERMINATION OF
THE FRACTURE MECHANISMS

The fracture surface topographic investigation was car-
ried out on a l-inch-thick compact tension specimen of a
cast duplex stainless steel aged at 400 °C for 312 hours
and tested and characterized by Fracture Control Corpora-
tion.® After fatigue precracking, the specimen was mono-
tonically loaded at a rate of 4.4 MPa-m"?/s (4 ksi-in"?/s) at
21 °C. The loading was interrupted after the crack exten-
ded 1.52 mm (average extension through the thickness).
The crack extension was marked by heat-tinting; then the
specimen was fractured in two by pulling it apart at low
temperature.

The fracture resistance curves during crack extension for
the as-cast and thermally embrittled material are shown in
Figure 1.° The tensile properties are tabulated in Table 1.°
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Table I. Tensile Properties of Duplex Stainless Steel’

Reduction
Yield Strength Tensile Strength Flow Stress Elongation in Area Hardness
o, (MPa) o, (MPa) oo, (MPa)* (Pct) RA (Pct) (Ry)

As-Cast

22°C 3254 577.8 451.6 51 61 85
300 °C 203.4 432.3 317.9 30 66 —
Aged

22°C 366.8 516.4 442.0 51 40 90
300°C 227.5 468.9 348.2 28 62 —

*a, = (o, + 0,)

Detailed examination of the fracture surface revealed the
existence of a significant number of non-heat-tinted islands
(unbroken ligaments) in the heat-tinted region. We also ob-
served that the fatigue precrack and heat-tint fronts were
irregular. Furthermore, the amount of stable crack extension
varied from approximately 3 mm in the center region to
about 0.1 mm near the outer edges. Figure 2 shows the
highlighted locations of the fatigue precrack front, unbroken
ligaments, and the front of the heat-tinted area.

Figure 3 shows the corresponding topographic maps of
conjugate areas of the fracture surfaces in the center of
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Fig. 2-— Scanning electron micrograph of the fracture surface of cast and Fig. 3— Topographic maps of conjugate fracture surface areas in the speci-

aged duplex stainless steel. men center.
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the specimen. The crack propagation direction is from top
to bottom. The fracture surface elevation shown in the
topographic maps was measured from an arbitrary ref-
erence plane.

Figure 4 shows a series of fractured-area projection plots
obtained by incrementally separating the conjugate topo-
graphic maps in steps of 32 to 64 um. In these plots the dark
areas indicate continuous material, and white areas are the
fractured areas. The numbers found at the upper right indi-
cate the separation between the arbitrarily selected reference
planes of the conjugate maps in microns. The difference
between any pair of numbers indicates the amount of in-
cremental separation. The orientation of the view shown in
Figure 4 corresponds to the SEM fracture surface photo-
graph in Figure 2 and the topographic map for Surface A
in Figure 3.

Initially, the conjugate topographic maps were matched
by maintaining their reference planes parallel; however, the

Fatigue Precrack Front

Crack Propagation Direction

(a)

(d)

Fig. 4 —Fractured-area projection plots showing sequence of fracturing
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(b)

fracture features that emerged (i.e., fatigue precrack front
and heat-tinted area front) did not agree with the actual
features observed on the fracture surface. We then tilted one
map with respect to the other before matching the conjugate
maps so that a larger separation was observed behind the
crack tip. We found that a specific tilt angle produced the
best agreement in the shape of the fatigue precrack front,
locations of unbroken ligaments, and the shape of the heat
tint front. We are speculating that this tilt angle may corre-
spond to the continuum crack tip opening angle used to
characterize the fracture resistance of steels.'® Later in this
paper we will measure the crack tip opening displacement,
8, resulting from this matching constraint and compare it to
the J,, value that was determined by conventional methods.

Figure 4(a) illustrates the specimen state at the onset of
monotonic loading. The fatigue precrack front indicated by
the computational conjugate contour matching agrees well
with the actual fatigue precrack front observed in Figure 2.

192 256

(e) (f)
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Crack Propagation Direction

Figure 4(a) also shows microcracks ahead of the fatigue
precrack front, possibly formed during fatigue cycles. Dis-
tinct features associated with crack extension are revealed
in Figure 4. As the separation between the conjugate maps
increased (this is equivalent to increased load on the speci-
men or increased deformation of the specimen), the existing
microcracks increased in size and coalesced with the main
crack front [Figure 4(b)]. Also, new microcracks were
formed, grew, and merged with each other to form larger
microcracks before coalescing with the main crack front
{Figures 4(c) through 4(f)].

It is important to note that, during the sequence between
Figures 4(c) through 4(f), although the maps were separated
with 64-um increments, the main crack front did not ad-
vance appreciably; however, an examination of Figures 4(g)
through 4(i) reveals rapid acceleration in microcrack for-
mation and growth and in the main crack front movement
despite a reduced separation increment of 32 wm. We inter-
pret this accelerated failure activity as the onset of crack
growth, which begins in Figure 4(g).

METALLURGICAL TRANSACTIONS A

(k)

Fig. 4 Cont. — Fractured-area projection plots showing sequence of fracturing.

512 544

Figures 4(b) through 4(j) clearly demonstrate that the
mechanism of crack extension in this material can be de-
scribed as nucleation, growth, and coalescence of micro-
cracks with the main crack front. This mechanism produces
an irregular crack front and results in the formation of un-
broken ligaments, as shown in Figures 4(j) through 4(1).

Figure 4(1) corresponds to the state at which the fracture
test was interrupted. The locations of the predicted main
crack front and unbroken ligaments agree well with those
shown in Figure 2.

Figure 5 shows cross-sectional views of crack growth
obtained by displacing topographic contours along a center
plane normal to the fracture surfaces. (The darkly-shaded
areas are areas where the two topographic surfaces over-
lap.) It was not determined whether the profile shown in
Figure 5(a) represented the configuration of the crack before
or shortly after monotonic loading began. Figures 5(a)
through 5(c) illustrate clearly significant crack tip blunt-
ing during the initial phase of the monotonic loading. At
Figure 5(c), the main crack front is about to extend by
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Fig. 5—Cross-sectional view of crack tip showing successive stages of crack propagation.

joining with the advance cracks. Ligaments of material con-
necting the fracture surfaces are produced as the micro-
cracks ahead of the main crack tip join with one another and
isolate islands of unbroken material {Figure 5(d)]. On fur-
ther loading (additional displacement), these islands of in-
tact material shrink [Figure 5(e)] and eventually disappear
[Figure 5(f)] as the microcracks continue to grow and sever
the ligaments.

The crack tip opening displacement (CTOD) observed at
the tip of the fatigue precrack in Figure 5(c) —that is, at the
onset of crack extension-—is 0.65 mm. We used this value
to compute crack initiation toughness, J;., by taking the flow
stress 0 to be 442 MPa (see Table I) and multiplying o,
and the CTOD. The resulting value, J,. = 287 KJ/m?,
agrees well with the J;, value of 284 KJ/m? obtained using
a conventional fracture test procedure.’

IV. RELATING FRACTURE SURFACE
FEATURES TO MICROSTRUCTURE

The sites of microcrack initiation indicated by the
fractured-area projection plots in Figure 4 were compared
with the fracture surface photograph in an attempt to iden-
tify the microstructural features responsible for microcrack
initiation. The results are shown in Figure 6. The arrows
labeled A point to several large, slanted planes on the
topographs; the arrows labeled B point to layered or lami-
nate structure. Unlabeled arrows indicate initiation sites at
which distinguishing features could not be observed.

1946 — VOLUME 18A, NOVEMBER 1987

To establish relationships between microstructure and
fracture surface features, the specimen was sectioned along
the white vertical line shown in Figure 6. Figure 7 shows
the microstructure revealed by an electrolytic (5 VDC for
5 seconds) 40 pct KOH etch. The white areas in the figure
correspond to an austenitic (gamma) structure and the dark
areas to a ferritic (alpha) structure. Furthermore, we ob-
served that this material exhibits a macrostructure and that
the macrograin (delta-grain) boundaries influence the crack
path significantly. For example, at the leading edge of the
stable crack growth region in Figure 7(a), the crack path
was parallel to the macrograin boundary. In the region frac-
tured at low temperature after the test, shown in Figure 7(b),
the crack also ran along some sections of the macrograin
boundaries.

Comparison of the microstructure shown in Figure 7 with
the fracture surface features shown in Figure 6 reveals that
fine steps and scratchlike features represent deformed
gamma-phases; that the large, slanted planes marked by
the arrows labeled A are related to the delta-grain bound-
aries; and that the fracture initiation sites labeled B may
be associated with crack initiation between the gamma-
phase platelets.

Other interesting features observed in the stable crack
growth region are the small cracks formed under the fracture
surface and the deformation of the material around them.
Figure 8(a) shows a magnified view of one such crack and
the area surrounding it. It is apparent that the crack occurred
at the interface between the alpha and gamma phases. The
crack was arrested on the left side by the long gamma phase;
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Fig. 6— Microcrack initiation sites on the fracture surface as indicated
by FRASTA.

on the right side, however, the crack changed direction and
appeared to connect to the main fracture surface. Large
plastic deformation in the gamma phase is indicated by the
pits produced during etching.

We note in passing that the principle of conjugate
topographic-contour matching is demonstrated on the sec-
tion shown in Figure 8(a). If we cut the picture along the
line shown in Figure 8(a) and shift the portion of the picture
above the crack downward until the conjugate surfaces of
the small crack contact, we can reconstruct the material
as it was before the crack formed, as demonstrated in
Figure 8(b). Comparison of the width of the long gamma
phase in Figures 8(a) and 8(b) indicates that this gamma
strip increased its width 50 pct and the plastically deformed
parts overlapped when the section of the picture was shifted
down [Figure 8(b)].

The results presented here were obtained from SEM frac-
ture surface photographs taken at low magnification; thus,
it was not possible to determine whether precipitates or
inclusions at the interfaces triggered the microfailure at
these sites. Topographic analysis with higher-magnification

METALLURGICAL TRANSACTIONS A

SEM photographs may be able to resolve these questions.
In addition, the microfailure initiation sites determined by
the topographic analysis can be further examined using
high-magnification scanning microscopy and X-ray energy
dispersive spectrum analysis.

V. SUMMARY

The fractured area projection plots generated by FRASTA
clearly show that crack propagation in thermally embrittled
cast duplex stainless steel occurs by the nucleation, growth,
and coalescence of microcracks in material ahead of the
main crack tip. Furthermore, the sequence of these micro-
cracking events, the sites of microcrack initiation, and the
mode of microcrack growth and coalescence are clearly
indicated. By superimposing these plots on the fracture
surface photographs, we were able to correlate these micro-
cracking processes with microstructural features and deter-
mine that microcracks initiate at and grow along delta-phase
grain boundaries and alpha-phase/gamma-phase interfaces.
By presenting the results as cross-sectional views, we could
determine the crack opening displacement at desired loca-
tions along the crack front and use the results to calculate the
fracture toughness, as demonstrated by Figure 5.

Thus, in examining the fracture of thermally embrittled
cast duplex stainless steel, the FRASTA technique was
successful in characterizing the details of macro- and micro-
fracture, in correlating microcracking events with micro-
structural features, and in providing local measurements of
macroscopic fracture toughness. To explain further how
thermal aging reduces the fracture resistance of duplex stain-
less steel, the results from the FRASTA examinations re-
ported here should be compared with FRASTA results on an
unaged specimen.
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Fig. 7— Microstructural detail beneath the fracture surface in duplex stainless steel.
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{a} Crack under fracture surface {Dark
area-« phase; Light area~y phase)

200 um

{b} Matching of crack surfaces by shifting
downward the material above the crack

Fig. 8—Microcrack formation at alpha-phase/gamma-phase interface illustrating the principle of FRASTA.
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