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ABSTRACT

Hastelloy XR will be used as tubing material in the intermediate heat exchangers of the
High Temperature gas-cooled Reactor(HTR), and will be subjected to operating
temperatures in the range of 800°C to 950°C. Creep behaviour in tension has been
characterized on Hastelloy XR, and the creep damage micromechanisms of void
nucleation, growth and interlinkage have been studied in-situ using scanning electron
microscopy. Intergranular creep failure was observed, and the rates of damage at grain
boundaries were determined. The effects of applied stress, strain rate and constraint
(through the effect of surface proximity) on creep damage development are discussed
with reference to model behaviour. The results indicate a significant surface effect on
creep deformation behaviour and fracture micromechanisms.

1. INTRODUCTION
Hastelloy XR is a nickel based alloy and will be used as tubing material in the
intermediate heat exchangers of the High Temperature gas-cooled Reactor(HTR). In
normal operation it will be subjected to stresses of approximately a couple of ten MPa
and temperatures in the range of 800° to 950°C, but it may experience higher stress levels
under transient conditions. The objective of this project is to characterize the creep
fracture behaviour of Hastelloy XR, with particular emphasis on the identification of the
failure micromechanisms and their controlling parameters. Although methods exist for
assessing creep life times, by the empirical Monkman-Grant product for example, in
which the product of the steady state creep rate and the time to rupture is approximately
constant, it is not fully clear why these estimation techniques work. A fundamental study
of the fracture mechanisms has been undertaken, so that estimation techniques may be
underpinned experimentally. In the first part of this report some of the basic models
describing creep deformation and fracture are outlined. Secondly, the results obtained
within the course of this work are presented, and finally these are compared with some of

the model based predictions of creep behaviour (particularly with regard to void growth
in creep).

2. CREEP DEFORMATION AND FRACTURE
Mechanistically creep deformation has been described by theories involving dislocation
glide and climb past obstacles on the slip plane - dislocation creep, by diffusive flow of
matter along grain boundaries - Coble creep, ot by diffusive flow through the bulk crystal
-Herring-Nabarro creep. The favoured mechanism depends critically on stress,
temperature and the grain boundary and bulk diffusion coefficients. The equations
describing these creep processes are given in Appendix 1. A map of creep deformation
mechanism has been constructed using the data for pure Nickel given in reference (1),
and this is shown in Fig 1. The map shows that dislocation creep is favoured by large
grain sizes, high stress and high temperature. Improving the creep resistance of a material
is usually achieved by additional alloying, which impedes dislocation activity, the result
heing to enlarge the Coble creep regime. With reference to service applications, the
appropriate creep regime should be studied to ensure applicability of the data to the
component. Generally speaking the Herring-Nabarro regime only occurs at very high
temperatures and low stresses, and is not significant in electrical generating plant.

Many experimental observations have shown that fracture in either the dislocation (power
law) creep or Coble regime is characterized by intergranular failure, caused by
coalescence of voids nucleated on grain boundaries. In simple tension grain boundaries,
orientated with a plane normal approximately coincident with the stress axis, show
preferential void formation compared with boundaries significantly inclined to the stress
axis. Nucleation can occur homogeneously at the grain boundary or at the interface of a
precipitate located on the boundary. The mechanisms controlling nucleation are not fully
resolved. However, several important features have been identified, and these include:
Jtress concentrations caused by slip lines at grain boundaries, stress concentrations
produced by grain boundary sliding, precipitate interfacial energy effects and the effect
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bulk diffusive effects, the fracture mechanism is controlled by grain boundary behaviour,

The applied stress produces vacancy enrichment close to the normal boundaries
! » and
r_l_ln:le.-.glad a voud wEI grow by vacancy adsorptian if the applied stress is grealer :h:n t;::m
sintering stress, which is typically 2-4MPa. Materizl will be plated out from the voids and
the specimen will strain. Several theories have been developed 1o explain the growih of
mlurgran@ ::_v-:uds by grain boundary diffusive mechanisms. Fig 2 shows schemalically
:Iu_: ?:ru;m n:ﬁj creeping polyarysial subjected to a remote tensile stress, o In the
onginal model due to Holl and Rimmer (2 the local stress on the normal boundaries, oy, i
assumed o be equal to the remote stress, and inclined boundaries are mmﬁ tﬂriﬁ.i:"' s
;;sﬂy. In this unconsitained regime; the growth rate in terms of the void radins, a, is Riven
. _ 2880, {or. —a,(1- F)
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The terms are defined in Appendix 1, and g{f)= [2in) § -(3-0)(1-0)]. Usually howewver, the
predictions of void growth rates based on this model, have been found to e too high.
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considerations, that a diffusion paih length parameter, L, can be defined which
;til:;c;nm whether or not constrained or unconstrained growth may be expected. L is

S0,
-kl :
ol ey
Below a particular stress level the diffusion i i i

sl T | path length is preater than the cavity hal
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voids. At higher stress levels the path length is less than the cavity half spacing, and some
::Iefurruanpn of the grains by pawer law creep must occur; growih is therehy
unconstrained. I nickel a stress below approximately 100MPa would be regquired for
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Rice showed that integration of Equation 2 would lead to 2 Monkmuan-Grant &
for coalescence of voids on a boundary, wherzas this is not the case for Eqm#;gclrfje s
Iq-pﬂr;arrﬂ ¥ the concept of geometric constraint was extended further by Anderson and
Rice (*1who considered the deformation requirements in a 3-dimensional polycryaial
Cme lﬂ[?t&'tpflh# results showed that whilst in a two-dimensional system, such as that ’
shown in Fig 2, it is possible ta produce steain by rigid body movements of the erains by
sliding, in 3-D, the bulk of the grains must also deform 1o retain contiguity across the
inclined boundaries. Therefore, even with free sliding, and a homogeneous distribution of
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The progression from void nuclei through to a grain boundary microcrack has been
autlined. However, the failure of a grain boundary Facet constiluies only a lower bound
eondition [or the fzilure of a specimen in general, sinec additional srain is often required
b interlink these micto-cracks. Generally this strain is found by experiment o be
significant, In numerical FE analysis Tv erpaard'® has also shown that this strain is
expected 1o be large (40-80 %). For the Monkman-Grant correlation to work successfully
damage procesaes in different creep regimes must poour with approximately similar
kinetics. However, this may not be expected since the crack interlinkage regime is
associated with the tertiary creep stage, in which the strain rate is much higher than in the
secondary creep regime.

3. EXPERIMENTAL DETAILS
‘ulerial
The composition of Hastzlloy XR is given in Table 1. 1t is a nickel based super alloy that
nas been specially developed 1o have a high oxidation resistance and good high
temperaiure mechanical rlies in power plant envitonment. The material is used in
the solution treated condition, and hete it has been heat reated for 1hat 1145°C

Creep testlng

Creep specimens of dimensions shown in Fig 3 were machined from 2mm thick plate.
The specimens were loaded in uniaxial tension using a ssrvo-hydraulic test machine with

a horizental Joad string. The portion containing the specimen and grips was located inside
the chamber of a SEM, operating at a pressure of ap imately 10r°Fa. Three 1ests
were performed at a temperature of BITC with applied stresses of 60, 80 and 110MPa.

Because of space limitations in the microscope chamber it was not possible to fit extérnal
sxiensometer on w a specimen. Initially, a grid was marked on a specimen using &
microhardness machine, and strains were measured from photographs of the grid. In the
latier tests a direet measurement system was used, in which the whale actuator was moved
w determine the displacement between two points marked on the specimen surface. This
latter tachnigue gives a measuring accuracy of = 0.001(z). Within the course of this work
significant advances in the imaging quality of the system have been made, principally by
reducing the transmission of vibrations to the actuater arm.

Creep damage assessment

Creep damage was Followed on the specimen sarface in the SEM. In order to ensure
nhservations were made on damage free surfaces, the gauge length of the specimens was
electro-polished prior to testing, wsing Struers AZ sol" at 10V, A systcmatic technique for
assessing damage was employed, in which a specific arca was repeatedly studied
throughout the creep tesl, A rectangular box 1mm x 0.4mm was engraved on the
specimen. A montage of photographs al 500x magrificalion was taken of the enclosed
area al infervals throughout the test, The grain boundaries within the boxed area were
classified into normal or inclined boundaries {for the latier the. plane normal =30 from
principal stress axis). Each boundary was then sludied 1o detect (i) if void nucleation had
occurred on any part of the boundary, (if) had all the voids muclcated, ic.,. was the
houndary fully voided and (iii) had the voids on the boundary coalesced. The number
fraction of damaged boundaries was then determined and can be expressed as 2 funclion
of time, steain or life fraction {based on rupture time ot ductilily). The growth rate of
individual cavities was determined by measurements from pholographs aken at 2000z
magnificalion. Grain deformations af and under surface was assessed from the
photographs, and by sectioning and metallographically preparing the specimens after
fracture, respectively,

4. RESULTS
Microstructural development in creep tests at 308 °C
I the solution treated condition the structure congists of a heavily twinned austenitic
matrix. The grain size is not uniform and varies from 50um up 10 approximate! 4lﬁmn
Heavy precipitation occurs at 200°C cven in shorl t2m creep tesis. Coarse pmi:ges
sizes arpund lum form on the grain boundaries, somewhat smaller particles but of a
similar morphology form on the twin boundaries, and fine precipitation occurs within the
grains. According 1o TEM observations the coarse particles were found to be Mo, Mi and
1 rich, and are therefore mosi likely to be MgC. The fine particles were predominantly
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Cr rich and are most probably M23Ce. Both of these phases are commonly found in
nickel based super alloys.

Creep damage assessment
Creep curves obtained from the three tests are shown in Fig 4. The time to fracture, tg,
rupture strain, €, and minimum creep rate, ¢, are summarized in Table 2. A least squares

linear fit to the log stress vs. log ¢ data gives a creep exponent, n, of approximately 4.
Plots of grain boundary creep damage vs. strain are shown in Figs Sa to 5f. In all of the
tests, comparing results obtained on normal or inclined boundaries shows that, as
expected, the normal boundaries cavitate and coalesce more rapidly than the inclined
boundaries. When plotted as a function of strain it is seen, at stresses of 60 and 80MPa
that normal boundaries become fully voided at strains of less than 2%. However, at ’
110MPa void nucleation is protracted, with only approximately half the boundaries fully
voided at that strain. Likewise, the inclined boundaries damage at significantly slower rate
with respect to strain, at the highest stress level. '

Fig.6 shows examples of void development at a stress of 80MPa. The voids identified in
the figure were measured at successive intervals during secondary creep, and Figs 7a and
b show plots of void radius in the transverse and tensile directions as a function of time.
The void growth rate, with the exception of the transverse growth rate for void 1, was in
the range 1 to 2 x10 -12m / s. The lower transverse growth rate for void 1 may be
attributable to the inhibiting effect of the precipitate located equatorially on the right
hand side of the void. Void growth rates were measured in the other tests and plots of log
growth rate vs. log stress are shown in Figs.8a and 8b for growth in the transverse and
tensile directions respectively. In each case the gradient is around unity.

Qualitatively the assessment of grain deformation showed that at 60 and 80MPa the
surface grains behaved essentially in a rigid manner and did not change shape throughout
the creep test. At 110 MPa the surface grains were heavily deformed during creep as
shown in Fig.9. Grain size for tensile direction was measured at the same grains where
growth of voids was observed. The bulk behaviour at 60 and 80 MPa was non rigid and
similar to that at 110MPa.

5. DISCUSSION
Creep damage has been quantitatively measured in a series of tests at 800°C over a stress
range of 60 to 110MPa. The results indicate that the grain boundary damage (with
respect to strain) is a function of the applied stress. Observations of grain deformation
have shown that at 60MPa and 80MPa the grains at the specimen surface behave
essentially like rigid blocks. In Fig.9 measurements of individual grains show that no
significant grain deformation is occurring, therefore, the strain at the surface is supplied
by diffusional void growth at the grain boundaries, accommodated presumably by grain
boundary sliding. However, sectioned and polished specimens show that bulk
deformation of the grains does occur below the surface, and of course, the measurement
of a creep exponent of 4 shows dislocation controlled creep behaviour. Therefore, grain
behaviour internally is of a 3-D nature as described by Anderson and Rice, whilst that of
the surface grains is essentially 2-D. The strain rate at the surface must equal that of the
internal grains, and so the behaviour of the surface is analogous to the constrained growth
regime described by Dyson and Rice, with void growth occurring by diffusion, but at a
rate controlled by bulk deformation creep. Satisfaction of the strain requirement almost
entirely by diffusive void growth means that, compared with the internal boundaries, the
grain boundaries at the surface fail earlier and at lower strains. It seems apparent that in
this regime of behaviour surface microcracks will form if strain in the material exceeds 1-
2%. Indeed, because the grains are behaving more rigidly, it appears that the strain
requirement is reduced as the stress falls, and more deformation is concentrated at the
grain boundaries.

At the highest stress level (110MPa) significant bulk deformation of the surface grains is
observgd. Itis assuxped that the diffusion length parameter, L, calculated for nickel can be
approximately applied to Hastelloy XR. On this basis and noting that the inter-void half
spacing, b, is approximately 1xm, then for a stress of 110MPa, L is slightly less than b.

In those circumstances even the surface grains must deform by power law creep to
maintain the strain rate. That is to say, constrained growth is not occurring because of the
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strain rate requirements, rather than a geometrically induced constraint effect of the type
described earlier. The effect that this produces with reference to the damage rate at the
grain boundaries is very interesting, not only is the damage at the normal grain
boundaries reduced, but perhaps more significantly the damage at the inclined
houndaries is even more severely retarded with respect to strain. Generally, in sectioned
creep test specimens tested at low or high stresses it is frequently seen that, even at failure,
relatively few inclined boundaries are severely damaged. The reduction in damage may
he associated with the occurrence of power law creep at both low stresses (where it occurs
in the bulk of the specimen below the surface grains) or at high stresses both internally
and at the surface. The observed retardation of damage may be a consequence of reduced
sliding of the inclined boundaries in the dislocation creep regime. Void nucleation by
sliding may be reduced, or since the local shear stresses are not relaxed if sliding is
reduced, then local normal tensile stresses near the boundary are low, and the possibility
for void growth is also retarded.

In the context of this work, that the surface behaves in a different manner from the
internal structure (at low stresses in particular) is a significant finding. There is clear
cvidence that, if the bulk were to damage at the same rate as the surface, much lower
failure time and ductility would result. It is not clear yet if the behaviour of the material
at the lower stress levels is dominated by the growth of the surface cracks through the net
section, or if bulk damage becomes the critical parameter in determining creep life. It is,
however, likely that thin walled components will be more susceptible to the effects of
surface microcracking than thick walled plant.

The void growth rate results from the measurements of individual voids show a large
variation. In a pseudo constrained regime (the surface is displaying unconstrained
features but the strain rate is controlled by bulk behaviour) the relationship between log
stress and log cavity growth rate for transverse direction should be linear with a gradient
of n. The results here do not display that behaviour and the gradient of the curves in
Fig.8 is closer to unity. That result would be expected for unconstrained growth of the
Hull-Rimmer type, however, if Equation 1 is integrated (ignoring the sintering stress) then
the time for growth of voids up to typical sizes observed here can be calculated. Results
hased on Equation 5 (where az and a) are the final and initial void sizes) show that void
prowth would be expected to occur in minutes rather than the tens of hours observed.
3 2 3 5 7
-kl (-2l 3l d . S
20D,Qo0,, 3 b 9 S5b° Tb
‘The Hull Rimmer model is not therefore appropriate in this case. Integration of Equation
2 will give growth times for the constrained regime examined by Rice.

4h
tg = 3—@2.'11—113(‘123 - ‘113) I}

Results based on equation 6 show that the predictions are close to the measured values at
60MPa whereas at 110MPa measured growth is slower than expected significantly. That

is, ;is calculated to be 510h, 123h and 37h for h=0.6, a=1.8, d = 50um, a, =1L2um
and a; =0um at 0=60, 80 and 110MPa, whereas voids begin to coalesce on normal grain
boundaries at 500h, 180h and 110h, respectively.

6. SUMMARY
Creep tests were performed in the chamber of the SEM at high temperature and
systematic techniques were developed for application to creep fracture micromechanism.
The void development along the grain boundaries at surface and surface grain
deformation were observed and then those were compared with bulk deformation to find
surface effects on creep deformation and the creep micromechanism. The grain
boundaries of Hastelloy XR were classified into normal or inclined boundaries to the
remote stress axis and parameters were introduced to detect if void nucleation had
occurred on the grain boundaries, had all the voids nucleated and had the voids
coalesced. The followings are the summary of this work:
(1) The normal boundaries cavitate and coalesce more rapidly than the inclined
boundaries. The grain boundary damage is a function of applied stress.
(2) The gradient of log growth rate of void versus log stress shows a large scattering but
around unity statistically.
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(3) The surface grain behaves in a different manner from the internal structure at low
stresses: the behaviour of the surface is analogous (o the consirained h regime wilh
viid growth occurring by diffusion but at a rale controllied by bulk deformation. At high
stress constrained growth doesn’t oecer and the damage at the inclined boundaries is
severely retarded with respect to sirain.
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APPENDIX 1
The data given in Reference | used o construct the creep deformation map shown in Fig 1. The basic
equations describing creep deformation are given below. The boandaries between the ragines are found
by equating the strain rates.
In the dislocation creep regime Noro's lew is obeyed and the sirain rate is given by

=Bt il
where

I = A7 Gz (b IET) AT
amed

D, = D,, expl-QRT) A3
in the Coblecreep regime the steain rate ks ghven by

P =, o B dDy AKTdY) Al
whern:

dDb =D, exp(-0/RT) AS
and im the Herring-Nabarre ceep regime the strain mie is given by

¢ =, o O D {KTE) AR

The meaning of the symbols and the valoes nzed here am given below. Tbcdc’hmaﬁ:ll.lphm
normalized in the isval way (by meling temperwture and shear moduhs), so thal 8 comparison with
nperating conditions can be mades more casily,

N sirain rate 51
B conatant in Noron's law Pa ")
@ airess Pa
" CTRE] BX il k1
At consant in Momon's law ixle
G shear modulus T9-IRNT-9.6) GPa
b, Purgers vecior 249 1019 m
0, bulk diffasion coeflicien meg!
0, activalion encrgy for bulk diff 284 KTmokt
o, Pre-cxponential factor 1.9x 10+ dg-
k Boltzmann's constant 138 x10-2* TR
R (a8 comstant 83 Imak k-1
d araim size (or facet size) m
T absalute lemperanire E
an, grain boundary diffusion coeff. m¥ 5l
an, Pre-cxponential facsor 1510 !
o, activation energy for g.b. diff. 115 kTl -2
] atomic volome 109 xi0-2* md
Oy, comstant in Coble creep rale eqn. 30
a, comstant In H-M creep rale eqn. 4
o sub-geripe remobe valee of
a, sindering siress
B void radies
b Cavity half spacing
r void volame fraction at/pt
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S

a comstant dependenl on gh sliding 1.8
T comstant depemdent an void shape L6y 2 =T0°
[L/pimtgl1-1.5 com+0.5 couy]

Table 1 Composition specification for Hastelloy KR(wi% )

i Ca o W F i i
W05 6 0.3LAP LAP 2050 LAF 800 0.20 1700 LAP BAL LAF LAP
015 1.0 0500200030 23.00 0.3 J000 100 20.00 0.01 BAL 0.10 0.03
LaP: Low ax possible

Table 2 Summary of creep tesl dats.

Tedt Ma. Stress Fuilure Time Failure Sirein Mimmuom Creep Rate
(MPa) oy (%) [Lh)
TEST 1 &0 324 15 BTl
TEST 2 &0 1117 9 2.1x10!
TEST 3 110 203 17 0ei
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+ig.6 SEM micrographs showing intergranular void
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