Creep and Tensile Properties of Several Oxide
Dispersion Strengthened Nickel Base Alloys

J. DANIEL. WHITTENBERGER

The room temperature and 1365 K tensile properties and 1365 K tensile creep proper-
ties at low strain rates were measured for several oxide dispersion strengthened (ODS)
alloys. The alloys examined included ODS Ni, ODS Ni-20Cr and ODS Ni-16Cr-4/5A1.
Metallography of creep tested, large grain size ODS alloys indicated that creep of these
alloys is an inhomogeneous process. All alloys appear to possess a threshold stress for

creep. It is believed that the threshold stress is associated with diffusional creep in
the large grain size ODS alloys and normal dislocation motion in perfect single crys-
talline ODS alloys. Threshold stresses for large grain size ODS Ni-20Cr and Ni-16Cr-
4/ 5Al type alloys are dependent on the grain aspect ratio. Because of the deleterious
effect of prior creep on room temperature mechanical properties of large grain size
ODS alloys, it is speculated that the threshold stress may be the design-limiting creep

strength property.

OXIDE dispersion strengthened (ODS) nickel-base
alloys have potential for use in rather demanding
elevated temperature environments, such as aircraft
turbine engines. The first generation of commercial
ODS Ni alloys, nominally Ni-2ThQ;, exhibited excel-
lent strength in the temperature range 1255 to 1475 K
and over temperature capacity almost up to the
melting point."»® Unfortunately the Ni-2ThO, alloys
were subject to severe oxidation attack.®? For im-
proved oxidation resistance, the Ni-20Cr-2ThO; type
alloys were developed. These alloys possess good
elevated temperature strength and over temperature
capacity®® plus excellent static oxidation resistance:®
however, the dynamic oxidation resistance at T

< 1255 K was low due to the volatization of chromium
oxide.””® Most recently, Ni-16Cr-Al (nominally 4 to 6
wt pct) type ODS alloys have been developed.’’® These
alloys form an Al,Os; protective oxide scale and pos-
sess dynamic oxidation resistance as well as other
desirable properties.’®'* Ni-16Cr-Al alloys contain-
ing either thoria or yttria as the dispersoid have
been produced; a yttria strengthened alloy is especially
attractive as it eliminates the radioactivity problems
associated with thoriated alloys.

The high temperature strength of ODS alloys is due
to the presence of a uniform dispersion of fine, inert
particles.'” The particles produce direct strengthen-
ing by acting as dislocation barriers, and in poly-
crystalline ODS alloys the particles affect the grain
size and grain shape which also influences the n.e-
chanical properties.'” In general, only an elongated
grain structure is required for strength parallel to
the direction of primary working; however, a large
grain size, semi-elongated microstructure is proba-
bly necessary for reasonable transverse proper-
ties.'> Most theories of strengthening in ODS alloys
have considered the consequences of the direct
strengthening effect involving interactions between
the dispersoid particles and dislocations.'” However,
in creep type applications, deformation mechanisms
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involving the grain structure may be more important.
For example, recent work by Kane and Ebert" esti-
mated that creep at 1365 K in polycrystalline TD-
NiCr (Ni-20Cr-2ThQ,) is entirely due to diffusion
controlled grain boundary sliding, i.e., diffusional
creep.'® Some microstructural evidence'®’*” of diffu-
sional creep exists for several polycrystalline ODS
alloys. In addition, several investigations of ODS
alloys have presented data which suggests that creep
is not a homogeneous process and that a threshold
stress for creep (stress below which creep does
not occur) exists.':*°

This work was undertaken to study the creep be-
havior at 1365 K of typical ODS Ni, Ni-20Cr, and Ni-
16Cr-4Al alloys. In general, creep exposures in-
volved low strains, on the order of 1 pct or less,
after nominally 100 h of testing. Particular attention
was directed toward assessment of threshold stress
for creep and examination of microstructures for
evidence of diffusional creep and inhomogeneity of
creep. In addition, short term tensile properties at
room temperature and 1365 K were determined.

EXPERIMENTAL PROCEDURE

The nominal chemistry of the ODS alloys evaluated
is shown in Table I. Two alloys were produced by
Fansteel, Inc.: TD-Ni in the form of heat treated
(stress relieved) 1.27 cm diam bar, and TD-NiCrAl
as a steel canned 20 em diam extrusion billet. DS-

Table 1. Nominal Alloy Chemistry, Wt Pct

Alloy Cr Al C ThO, Y03 Ni
TD-M1 - — 0027 2 — Balance
(heat 3062)
DS-NiCr 20.3 - 0.009 2 - Balance
Inconel MA-754* 20 0.6 0.07 - 06 Balance
(heat 0TO0S5B)
TD-NiCrAl 16 4.2 0.05 2 - Balance
(heat 3939)
DST-NiCrAl 16 S 0013 2 Balance

*Also contains 1.5 Feand 1 0 Th
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NiCr was obtained from Stellite Division-Cabot
Corporation in the form of unrecrystallized, 1.9
X 6.4 cm sheet bar. Inconel MA-754 was produced
by Huntington Alloy, Inc. in the form of heat treated
2.8 X 8.3 cm sheet bar. The experimental alloy
DST-NiCrAl was obtained from Sherritt-Gordon
Mines, Ltd. in the form of pressed and sintered bil-
lets with a nominal diam of 7.6 ¢m.

Unrecrystallized DS-NiCr was heat treated before
testing. The alloys in billet form were subjected
to various thermomechanical processing and heat
treatment schedules in order to obtain an elongated
microstructure with a uniform large grain size. The
final processing and heat treatment schedules for all
of the ODS alloys are shown in Table II. The average
grain size parameters determined by linear analysis
and the crystallographic texture of the alloys are
given in Table III. Dispersoid particle sizes or inter-
particle spacings were not determined for these al-
loys.

Round bar tensile type specimens with a nominally
2.8 ¢m long X 0.51 cm diam gage section were center-
less ground from the heat treated alloys. In general,

Table H. Thermal-Mech | Pr ing and Heat Treatment Schedules

Alloy Thermal Mechamcal Processing Heat Treatment

TD-N;
DS-NiCr

Not reported by vendor Not reported by vendor
Extruded ~12 1 at ~1365K  Heated from 1475 to 1590K
by vendor mZh

Inconel MA-754 Not reported by vendor Not reported by vendor

tapered grip end specimens were used: however,
threaded grip end specimens were used for DS-NiCr
tested in the long transverse direction and for Inconel
MA-754 in order to conserve material. All alloys
were tested parallel to the extrusion axis. In addition,
DS-NiCr and Inconel MA-754 were tested in the long
transverse direction (long axis of cross section of
bar).

All creep testing was conducted in accordance with
ASTM specifications at 1365 K in air on constant
load test machines. Creep tests were generally de-
signed to produce between 0.1 and 1 pct strain in
100 h; however, a few specimens were tested fo
rupture. Elongation as a function of time was meas-
ured optically from scribed platinum strips which
had been spot welded to the shoulders of the test
specimens. As creep testing was generally con-
fined to low strain rates (<5 X 107% s71), it should be
noted that the precision of the strain measurements
is on the order of 0.0002. Thus the creep strains
and creep rates are subject to measurement errors
which can introduce scatter into the data. Testing
was interrupted for many specimens after 100 to
150 h; these specimens were then subjected to tensile
testing to determine the effect of prior creep. The
results of residual tensile testing are described else-
where.”

In addition to creep tests, tensile tests were con-
ducted at room temperature and 1365 K. Room tem-
perature testing was conducted on an oil hydraulic
test machine at a cross head speed of about 0.001
cm/s with strain through the 0.2 pct yield measured

TD-NiCrAl Extruded 12 141 1365 K to 2 h at 1640 K by a clip-on extensometer. Tensile testing at 1365 K
3 X 10 ¢m sheet bar, hot was conducted at a constant cross head speed of 0.002
rolled to 1.5 cm thickness m cm/s and the 0.2 pct yield stress was estimated from

DSTNCEAL oo 3(10 P P K ) load-cross head motion plots. Selected tensile and

Bt anned in stecl, extruded 16:1 2hat 1640K rupture tested specimens were subjected to metallo-
at 1395 K to ~1.7 cm diam bar . . .
graphic examination.
Table 1, Grain Size Parameters and Texture of ODS Alloys
{2) Grain Size
Charactenstic Lengths, ym Gram Aspect Ratio,
Parallel to Long Short Average Gram Size, pm GAR=LyVL,Ls
Alloy Extrusion Axis, L, Transverse, L, Transverse. L 0.85v/E Lol (VLa2LyLy)*
TD-N; 25 13 dam 35 19
DS-NiCr Single crystal with very large elongated low angle gramns approximately - -
I cm diameter by 10 cm length Low angle grains elongated along
extrusion axis.

Inconel MA-754 530 180 115 250 3.68(0.73)

TB-NiCrAl 490 285 150 235 237

DST-NiCrAl 1200 300 dam 400 1.82f

{duplex- 660 and 120 ym diameter)
(b) Texture
Alloy Omnentation
TD-N: Wire, [100] parallel to extrusion axis
DS-NiCr [100] parallel to extrusion axis

[011] parallel to long transverse direction
[071] paratlel to short transverse direction
Same as DS-NiCr

Same as DS-NiCr

Wire, [522] parallel to extrusion axis

Inconel MA-754
TD-NiCrAl
DST-NiCrAl

*Calculated for transverse testing,
YCalculated for larger grain diameter.
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RESULTS AND DISCUSSION
Tensile Properties

The room temperature and 1365 K tensile proper-
ties of the ODS alloy are shown in Table IV. At room
temperature the Ni-16Cr-Al type alloys are consider-
ably stronger than the Ni or Ni-20Cr types; this
strength is probably due to the presence of y” and
solid solution hardening effects of Al. Previous
work®'® has shown that Ni-16Cr alloys with more
than about 3.5 Al contain y’. The higher strength of
Inconel MA-754 in comparison to DS-NiCr is proba-
bly due to the combined solid solution hardening ef-
fects of Al and Ti. Both Inconel MA-754 and DS-NiCr
are stronger parallel to the extrusion axis ([100] di-
rection) than in the long transverse direction ([o11]
direction). This is probably due to slip on multiple
slip systems leading to strain hardening for the [100]
direction, while only one slip system is operating in
[011] direction.

At room temperature all the alloys exhibited
reasonable tensile elongations, and all failures were
intragranular. DS-NiCr tested in the long transverse
direction exhibited multiple necks which lead to the
very high tensile elongation. Only DS-NiCr tested
in the long transverse direction exhibited multiple
necking.

With the exception of Inconel MA-754, all of the
alloys possessed similar tensile strengths at 1365 K;:

Inconel MA-754 is considerably stronger. DS-NiCr
and TD-NiCrAl were very ductile, and the fractures
were intragranular. Inconel MA-754 and DST-NiCrAl
tested parallel to the extension axis exhibited reason-
able ductility: however, the fractures were inter-
granular with grain boundary cracking evident in the
microstructures. Inconel MA-754 tested in the long
transverse direction exhibited low ductility, and the
fracture was intergranular. TD-Ni possessed moder-
ate ductility and the fracture was probably inter-
granular.

The tensile test data in Table IV for TD-Ni, DS~
NiCr, and TD-NiCrAl agree well with that determined
by other investigators.'»®’*!

Comparison of the 1365 K tensile strength data in
Table IV with the grain size parameter in Table III
reveals that no correlation exists between strength
and grain size. There does, however, seem to be a
linear relationship, as suggested by Wilcox and
Clauer,'” between 1365 K tensile strength properties
and grain aspect ratio for large grain size ODS alloys
tested parallel to the extrusion axis. This relation-
ship is shown in Fig. 1: it should be noted that the
one example of a low grain aspect ratio material (In-
conel MA-754: transverse) does not follow the com-
monly held concept of low grain aspect ratio being
equivalent to low strength. Additionally, the strength
of TD-Ni is not predictable by extrapolation of the
curve in Fig. 1. This is probably a result of the

Table 1V, Tensile Properties of Several ODS Alloys

Tensile Properties

002 Pct 02 Pet
Alloy Test Direction Yield, MPa Yield. MPa UTS. MPa Elongation, Pct RA, Pct
Room Temperature
TD-Ni1 Parallel to ext axis 440 469 482 20 79
350 418 493 19 82
373 435 490 19 78
DS-NiCr Paralle! to ext axis 373 398 803 22 28
352 380 789 26 36
DS-NiCr Long transverse — 4472 626 42 43
Inconel MA-754 Parallel to ext axs 626 688 1052 23 21
589 646 1021 20 23
Inconel MA-754 Long transverse 581 655 932 23 29
571 657 937 23 27
TD-NiCrAl Parallel to ext. axis 730 786 1179 3] i
DST-NiCrAl Paralle! to ext axis 675 746 1062 16 14
677 777 1128 135 16
692 720 1073 136 14
1365 K
TD-N1 Parallel to ext. axis — 104 119 36 6
- 99 112 4.5 6
- 93 120 36 6
DS-NiCr Parallel to ext axis - 94 107 17 69
— 97 106 19 52
DS-NiCr Long transverse Not measured
Inconel MA-754 Parallel to ext. axis — 148 151 9.5 12
- 149 152 9.5 11.3
Inconel MA-754 Long transverse - 154 154 26 15
- 154 154 s 16
TD-NiCrAl Parallel to ext. axis - 102 108 21 45
- 99 105 19 44
DST-NiCrAl Parallel to ext axis - 90 103 12 15
- 83 92 7 it
— &1 92 136 i3
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0.2% YIELD UTS small grain size of TD-Ni and the previously ob-

0 @  INCONEL MA-754 served behavior'® that ODS Ni alloys are weaker
] W  INCONEL MA-754: TRANS. than ODS Ni base alloys.
<o € TD-NiCrAl
Ja A DST-NICrAl
160— D Creep Behavior
Creep Data and Analysis. Table V contains the
creep data tabulated for all the alloy-direction com-
binations evaluated in this study. Data are presented
o 12— for strains at 1 h to indicate the amount of transient
Z creep; in general, the alloys were in steady state creep
-~ A after 1 h of testing. With the exception of DS-NiCr,
ot the alloys were generally in third stage creep after
g 80b— about 0.5 pct strain. DS-NiCr tested parallel to the
extrusion axis did not enter third stage creep until
about 2 pct strain. DS-NiCr tested in the long trans-
verse direction appeared to undergo very little
| | | | deformation prior to failure; however, from the elon-
' ! 5 3 2 gation and reduction in area measurements from the
GRAIN ASPECT RATIO faﬂed specimens, c.onsxderable deformation occurred
Fig. 1--1365 K tensile strength properties of several large in a short time during the rupture process. Because
grain size ODS alloys as a function of grain aspect ratio. of this and the scatter in the creep-rupture data in
Table V. Creep and Creep Rupture Properties of Several ODS Afloys at 1365 K
Strain, Pet Steady State
Specimen Stress, MPa Time, h th End Test Creep Rate,s™" Comments
TD-Ni Parallel to Extrusion Axis
N-1* 75.8 91 1 (failed) 021 ~25 1.3X 10°® 065 pet stram at 79.1 h
N-6* 68.9 43.3 (faled) 0.4 ~2 145X 10°® 0 74 pct strain at 43 25 h
N-50 65.5 1424 027 049 2.35X 10
N-53 62.0 1205 012 035 11l defined curve
N-52 586 141.0 016 0.30 1.6 X 107
N-56 551 148.4 005 0.20 <10
N-5* 551 116.9 0.14 018 <107 Curve flatafter 1 h
N-10 482 1173 0.19 0.25 <107 Curve flat after 20h
N-4* 482 1205 002 0.12 <10°® Curve flat after 20 h
Inconel MA-754. Parallel to Extrusion Axis
L-16 896 731 02 10 25X 10°®
L13 86 1 82.5 0.15 ~05 12X% 10 048 pctat 74 7h
pulled out gnip 82.5h
L2 82.7 100.1 (failed) 0.1 ~3.5 1X10°® 0.72pctat 88 7h
L5 827 100.4 0.1 0.435 11X 10%
112 82.7 690 0.15 ~0.3 7% 10 0.27pctat S05h
pulled out gnp 69 0
L4 82.7 67.8 (falled) 0.08 ~35 25%10°® 1.10 pct at 67.2 h
L7 75.9 141.1 005 0313 43X 107
L-15 759 47.8 0.12 ~0 22 49% 107 017 petat 20.5h
pulled out grip 47.8 h
L4 723 1419 010 01l <10 Curve flatafter 1 h
L-8 68.9 1416 0.08 01 <10* Curve flat after 1 h
L3 65.5 145.1 0.05 012 <107 Curve flat after 20 h
Inconel MA-754 Parallel to Long Transverse Direction
T-7 345 67.3 008 167 38X 1078
T-6 276 727 015 124 335X 10°%
T 241 101.0 004 091 11X 10
T-13 224 94.1 011 ~022 335X 107 0.22pctat90.8h
power falure 94 1h
T-3 207 120.3 0 0.49 1.3%x 10
T-11 207 149.2 0 0.06 1X 107
T-2 18.9 148.7 003 0.44 445X 10
T-14 17.2 1495 0.02 0.12 <107 Curve flat after ~50 h
T-5 13.8 1483 0.05 0 <i9”® Curve flat

{continued)}
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Table V {Continued)

Strain, Pet Steady State
Specimen Stress, MPa Time. h th End Test Creep Rate, s Comments
DS-NiCr Parallel to Extrusion Axis
S-1t 86 1 3.05 (failed) 22 173 44X 10 5.04pctat 24 h
(61 pct RA)
S-15 821 11.9 (failed) 0085 173 8.6 X 1077 297pctat 7250
{60 pct RA)
§$3 79.2 98.3 05 1.64 26X 1078
85 75.9 1151 a 06 11X 10°®
S9 723 101 4 0 03 7.6 X 10°%
$-8 689 500 02 0.2 <107 Curve flat after 1 h
S-12 689 1157 003 008 <10
S-13 65.5 101.0 0.03 018 4% 107"
S14 62.0 119.5 002 013 <10°° Curve flat after 7 h
DS-NiCr Parallel to Long Transverse Direction
ST-11 82.7 88.6 007 032 52x% 107
ST-12 792 31.5 (faed) 002 54 <107 Gllpctat3i4h
(13 pct RA} Curve flat after 3.5 h
ST-6 792 17 3 (failed) 01 57 - 016 pctat5.7h
(6 2 pct RA)
ST-1 75.9 113.7 (failed) 004 38 <10 0.08 pctat 104 2 h
{93 pct RA) Curve flat after 3 Sh
ST-8 759 0.5 {failed) - 3 - 003 pctatO04h
(3 5 pct RA)
ST-9 68.9 146 2 001 0.1 1.5X 107°
ST-7 62.0 150.3 006 015 2Xx 107
ST-4 276 1479 003 003 <107 Curve flat after | h
Load mcreased to 55.1 146.7 0.03 007 <107 Curve flat after 10h
ST-5 24.1 1411 0 0 <107 Curve flat
Load ncreased 1o 48.2 135.3 001 003 <10 Curve flat after S h
ST-3 345 148.6 0 ] <107 Curve flat
ST-2 31.0 150.3 o 0 <107 Curve flat
TD-NiCrAl- Parallel to Extrusion Axis
TL-5 75.8 39.5 (failed) 02 7.0 - 24pctat286h
TL-4 68.9 <46.9 (falled) 0.2 54 1X107 lpctat23.1h
TL-11 62.0 90.0 (failed) 0.1 Multiple 1.9X 1072 0.94 pct at 68.6 b
fracture
TL-9 551 748 0.07 18 26X 1078
TL-7 551 440 .15 057 235X 1078
TL-12 S1.7 115.7 0.1 011 <10 Curve flat after 1 h
TL-10 48.2 118.0 0.05 0.12 <10 Curve flat after § h
TL-6 44.8 115.8 005 005 <10°® Curve flat after 1 h
TL 8 413 1142 002 0.1 <107
DST-NiCrAl Parallel to Extrusion Axis
T-8-8 62.0 102.0 055 346 - Steady-state region not
defined
T-8-6 551 1422 008 068 7.3X 10°%
T-9-3 551 137.9 001 051 1.65X 10 Essentially no creep first
50h
T-9-2 51.7 163.9 0.15 03 340X 107
T-9-4 48.2 1189 ] a.19 285X 107
T-87 482 1403 005 0.28 42% 107
T-8&12 44 8 168 0 011 ~33 175X 10°°
T-9-7 4.8 1658 0.05 025 1.85 X 107
T-8-4 41.3 148.9 008 024 <107 Curve flat after 75 h
T-9-5 413 1478 d 0 <10°° Curve flat
T-8-3 413 150.1 0 018 24X 107
T-96 413 146.8 003 027 37X 107°

*Plasma coated with Ni-20Cr, approximately 100 um thick.

Table V, the creep behavior of DS-NiCr in the long

transverse direction could not be characterized. In

this study creep rates less than 10™° s™ could not be

determined as they were below the limit of detection.
Even with the previously mentioned difficulties

in measuring small amount of creep, most of the al-

loys exhibited the usual empirical creep rate rela-
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tionship for stress dependency at strain rates greater

than about 2 X 107° s™* as follows:

cadl

[1]

where € is the strain rate, o is the applied tensile
stress, and 7 is the stress exponent. The only alloy
which did not follow Eq. [1] was DS-NiCr tested in
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the long transverse direction. Typical examples of
power law behavior are presented in Fig. 2, All
stress exponents for the alloys are listed in Table VI
in general, the power law exponents are high which is
apparently normal for most ODS alloys.”®

All of these alloy systems appear to possess a
“threshold’’ stress below which ereep does not occur.
Approximate threshold stresses are given in Table
V1. These were estimated from the strain rate data
and shape of strain-time curves from Table V and
residual tensile property data.”® In general, creep
exposures at or slightly below the threshold stress
did produce a small amount (~0.1 pct) of transient
creep. Once transient creep was finished, however,
test specimens exhibited little, if any, further de-
formation over extended periods of time. (For exam-
ple, specimens N-10, 1L-14, T-5, 8-8 8T-4, TL-12,
and T-9-5.) The strain rate data were also fitted to
a modified power law stress dependency equation:

€alo— o) (2]

where o, i8 the estimated threshold stress for ereep
from Table IV and 7’ is the effective stress exponent,
The effective stress exponents are also presented in
Table IV. Figure 2 also illustrates a typical exam-
ple of the modified power law behavior. In general,
the fit of the sirain rate data for the polyerystalline
alloys is fair, at best. However, all these alloys
possessed low (<3) effective stress exponents which
suggests that diffusional creep is a possible mecha-
nism.
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Fig. 2--Steady state creep rate of Inconel MA~7534 as a func~
tion of (a} applied stress (v) for testing in the extrusion di-
rection and long transverse direction, (b) effective stress
{o -~ 0y} for testing in extrusion direction, and {¢) effective
stress {¢ - 0} for testing in long transverse direction.
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Fig. 2—Continued.

The creep rate of DS-NiCr tested parallel to the
extrusion axis was well described by Eq. [2] for €
> 107% 57! where the effective stress exponent was
about nine. An effective stress exponent of nine is
in agreement with Lin and Sherby’s analysis® of
Lund and Nix’s creep data’® for single crystalline
Ni-20Cr-2ThQ, (TD-NiCr).

Metallography. Rupture tested TD-Ni possessed a
few cavities in the vicinity of the fracture and DS~
NiCr tested parallel to the extrusion axis to rupture
contained a few small cracks within the necked region
and on the surface of the necked region. The micro-
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structure of the interrupted creep test specimens
after room temperature tensile testing was identical
to the as-received (untested) microstructure for these
two alloy-direction combinations.*®

Metallography of the failed specimens of Inconel

MA-754 and TD-NiCrAl tested parallel to the extrusion

axis and DS-NiCr tested in the long transverse
direction revealed that the fractures were inter-
granular and evidence for diffusional creep exists.
Such evidence consisted of dispersoid-free bands,
intergranular cavitation and/or cracking, and in-
ternal oxidation at or near grain boundaries. Typi-
cal examples of dispersoid-free bands and cracking
coupled with internal oxidation are shown in Fig. 3.
Similar microstructural features were seen in
creep and rupture tested TD-NiCr (Ref. 16) and in
many interrupted creep test specimens of Inconel
MA-754, TD-NiCrAl, and DST-NiCrAl after tensile
testing at room temperature.”

While such features are clearly visible in the gage
sections of test specimens which experienced as little
as 0.2 to 0.3 pct creep strain, these microstructural

Fig. 3—Typical microstructures of creep-rupture tested ODS

alloys. {a) Dispersoid-free bands in Inconel MA-754; 1365 K~

82.7 MPa—100.4 h; electrolytically stain etched with chromic
acid mixture (100 ml HyO, 10 m! H,804, 2 g chromic acid) at
3 to 5 V. {b) Cracking and internal oxidation in TD-NiCrAl;
1365 K~62 MPa-90.0 h—multiple fracture; electrolytically
etched with buffered aqua regia (two parts by volume aqua
regia, one part glycerine) at 3to 5 V.
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features are not uniformly distributed throughout

the gage section; in fact, the bulk of the microstruc-
ture is identical to that of as-received (untested) al-
loy. In essence, the microstructure of tested speci-
mens of DS-NiCr tested in the long transverse direc-
tion, Inconel MA-754, TD-NiCrAl, and DST-NiCrAl
indicates that creep (or at least that part due to dif-
fusional creep mechanisms) is not homogeneous.
Similar behavior has been observed in creep and
stress rupture tested TD-NiCr sheet.® Additionally
Lund and Nix'® after studying creep in Ni-20Cr-
2ThQ, single crystals concluded that creep in poly-
crystalline ODS alloys is probably an inhomogeneous
process. If creep in polycrystalline alloys is truly
inhomogeneous, then correlations between strain rate
and stress (for example, Eqs. [1] and [2]) may not

be meaningful.

Threshold Stress. As previously indicated, it ap-
pears that all alloy-direction combinations tested in
this study have a threshold stress for creep. For
DS-NiCr tested parallel to the extrusion axis, the
threshold stress is associated with some type of
normal dislocation motion or generation, since DS~
NiCr tested parallel to the extrusion axis is essen-
tially a perfect single crystal (no transverse bound-
aries). Recently Lund and Nix'® have reported creep
test results for single crystal Ni-20Cr-2ThO. (TD-
NiCr) produced by directional recrystallization; they
also found an apparent threshold stress for creep and
suggest that it is the Orowan Stress. At 1365 K their
threshold stress is about 79 MPa which agrees well
with the 69 MPa measured for DS-NiCr in this study,
especially since previous work®® has shown DS-NiCr
to be consistently weaker than TD-NiCr.

With the exception of DS-NiCr tested parallel to the
extrusion axis, all the ODS alloys tested in this study
possessed transverse boundaries in the test section.
Thus, these alloys are capable of undergoing slow
strain rate plastic deformation by diffusional creep
mechanisms in addition to dislocation mechanisms.
As shown in Ref. 20, the stress required to produce
a strain rate of 2.78 X 107® s™ (1 pet creep in 100 h)
by diffusional creep at 1365 K for a 250 ym grain
size ODS Ni alloy is about 17 MPa. Both Inconel MA-
754 and TD-NiCrAl have approximately a 250 um
grain size: and, as can be seen in Table V, both al-
loys require stress levels in excess of 17 MPa in
order to produce a strain rate of 2.8 X 107 s™. Thus,
diffusional creep mechanisms alone can produce more
deformation than is observed. These calculations
and the microstructural evidence of diffusional creep
{dispersoid-free bands) in large grain size ODS al-
loys support the concept that the threshold stress is
associated with diffusional creep rather than disloca~
tion creep mechanisms.

Explanation of the threshold stress in TD-Ni is
more difficult than those for single crystalline or
large grain size alloys. It is tempting to also ascribe
this threshold stress to diffusional creep: however,
because of the very small grain size in TD-Ni, ex-
ceeding the threshold stress by moderate amounts
should result in extremely high diffusional creep
rates, For example, at 1365 K, (0 — o5) = 1 MPa
would mean a steady state diffusional creep rate of
about 10™ s™. Accounting for the high grain aspect
ratio of TD-Ni would lower these creep rates; how-
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ever, Raj and Ashby" estimate that the rate would
only be reduced by the square root of the grain aspect
ratio (VI9 for TD-Ni). Either creep in TD-Ni is not
controlled by diffusional mechanisms, or perhaps the
measured threshold stress is at the lower end of a
range of threshold stresses. Such a range could ac-
count for inhomogeneous deformation resulting in the
low strain rates.

The threshold stress seems to be associated with
diffusional creep in the large grain size ODS alloys:
Inconel MA-754, TD-NiCrAl, and DST-NiCrAl. Com-
parison of the threshold stress values in Table VI
to the grain size parameters in Table III indicates
that no apparent relationship between threshold stress
and grain size exists. There does, however, appear
to be a linear relationship between 1365 K thres-
hold stresses and grain aspect ratio as shown in Fig.
4. Included in this figure are the threshold stress
data for thin TD-NiCr sheet;'” the pertinent data for
this material are presented in Table VII. The curve
shown in Fig. 4 is described by

0o = 6 + 18.1 (GAR) (3]

where oo is in MPa and GAR is the grain aspect ratio
reported in Tables IIT and VII. This figure indicates
that the threshold stress for creep in polycrystalline
alloys is dependent on the ratio of grain boundary
area in shear to grain boundary area in tension. While
Eq. [3] accurately describes the relationship between
threshold stress and grain aspect ratio for thick ma-
terial, as can be seen in Table VII, Eq. [3] overesti-
mates the threshold stress when very thin material
is under consideration. However, as the 0.025 cm
thick TD-NiCr sheet was consistently weaker than
the 0.051 cm sheet, it is not surprising that the

Table VI. 1365 K Stress Exponents and
Estimated Threshold Stresses for ODS Alloys

Effective
Stress Threshold Stress
Alloy Drrection Exponent Stress, MPa  Exponent
TD-N1 Parallel to ext axis 135 53 24
Inconel MA-754 Parallel to ext axis 18 72 1
Inconel MA-754 Long transverse 16 17 14
DS-NiCr Parallel to ext axis 41 69 9
DS-NiCr Long transverse * 55 *
TD-NiCrAl Parallel to ext axis 23 52 *
DST-NiCrAl Parallel to ext axis 105 41 1

*Could not be determined

0.025 cm thick sheet did not show results consistent
with Eq. [3]. Apparently 0.025 ¢m thick TD-NiCr sheet
is not representative of bulk material.

Overall it appears that the threshold stresses for
ODS Ni-20Cr and Ni-16Cr-4/5A1 type alloys are
uniquely dependent on the grain aspect ratio. For such
alloys with grain sizes between 150 and 400 yum and
grain aspect ratios between 0.8 and 3.5, threshold
stresses at 1365 can be calculated from Eq. [3] with,
apparently, good accuracy. Use of Eq. [3] beyond the
stated grain size and grain aspect ratio limits is not
recommended without supporting experimental data.
For instance, at sufficiently high grain aspect ratios,
the predicted threshold stress would exceed the
stress required for dislocation motion (Orowan
stress).

As shown elsewhere,'"’*° the residual room tempera-
ture tensile properties of large grain size ODS alloys
are greatly affected by prior elevated temperature
creep. For example, prior creep strains as low as
0.2 pet can reduce the tensile ductility as much as 50
pct. Such behavior seemingly limits the use of large
grain size ODS alloys to conditions where creep does
not occur. Thus, threshold stress may be the most
important creep strength property for these alloys.
For use of these particular alloys, the threshold
stress is recommended as the base design criteria
rather than more conventional use of a stress to
produce a known amount of creep in finite time.

o

INCONEL MA-754: PARALLEL EXTRUSION AXIS

INCONEL MA-754; LONG TRANSVERSE

TD-NiCrAt PARALLEL EXTRUSION AXIS

DST-NiCrAk PARALLEL EXTRUSION AXIS

TD-NiCr, HEAT 3636: PARALLEL ROLLING
DIRECTION (ESTIMATED)

TD-NiCr, HEAT 3636: NORMAL ROLLING DIRECTION

TD-NiCr, HEAT 3712: PARALLEL ROLLING DIRECTION

TD-NiCr, HEAT 3712: NORMAL ROLLING DIRECTION

]
I
abo eboOo

&
|

THRESHOLD STRESS, MPa

l | | J
0 1 2 3 4
GRAIN ASPECT RATIO
Fig. 4—1365 K threshold stresses for various large grain
size ODS alloys as a function of grain aspect ratio.

Table VII. Grain Size Parameters and Threshold Stress for Thin TD-NiCr (Ni-20Cr-2ThO,) Sheet (Ref. 17)

Orentation 1s

Reference to Characteristic Length, ym

Threshold Stress, MPa

Sheet Rolling Parallel to Perpendicular to Test  Sheet Thickness Grain Size, um Grain Aspect Ratio. Calculated
Heat Direction Test Direction, L, Direction, L, Direction, L 085YL\LoLs GARL,/\/LyLs Measured.  Eq. [3]
3636 Parallel 290 230 50 150 27 59* 550
(0 051 cm thick) Normal 230 290 50 150 19 38 405
3712 Parallel 640 360 100 240 337 65 670
(0051 cm thick) Normal 360 640 100 240 1.42 34 317
3637 Parallel 390 290 53 165 315 45 63.0
(0.025 cm thick) Normal 290 390 53 165 20 32 422

*Estimated.
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Finally, it should be noted that the threshold
stresses estimated in this work are based on the re-
sults of nominally 100 h creep tests at 1365 K. It
has previously been shown'"''® that threshold stresses
are dependent on temperature; in addition, threshold
stresses may be dependent on time. As one conducts
longer creep tests (>100 h), the ability to measure
lower creep rates (<107 s7%) is increased. Thus,
threshold stresses estimated from creep curves may
be reduced since one is better able to detect very
small strain rates.

CONCLUSIONS

Based on a study of tensile creep at 1365 X of
several ODS Ni-base alloys the following conclusions
are drawn:

1) ODS alloys possess threshold stresses for creep.

2) Creep in polycrystalline QDS alloys is an in-
homogeneous process.

3) The threshold stresses in large grain size ODS
Ni-20Cr and Ni-16Cr-4/5A1 type alloys are dependent
on the grain aspect ratio.

4) Maximum design criteria for large grain size
QDS alloys should be limited fo the threshold stress
for creep.
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