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ABSTRACT

Effects of high-pressure hydrogen, which is the working fluid in the auto-—
motive Stirling engine, on creep-rupture properties of two superalloys were
evaluated in specially constructed multispecimen test equipment.
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INTRODUCTION

The Department of Energy and NASA-Lewis Research Center have a joint program
under way to develop the Stirling engine as an alternative to the automotive
internal combustion engine. Advantages of the Stirling engine include the
potential for high fuel efficiency, multiple fuel capability, low pollution,
and low noise. To achieve these operating characteristics, the Stirling
engine will operate at 820°C and use high-pressure H, as the working fluid.

The long-term effects of high-pressure hydrogen at high temperature on the
properties of high-temperature alloys are unknown. The most critical compo-—
nent in the engine is the heater head, which consists of tubes, cylinders,
and regenerator housings- Candidate alloys for these applications must not
only meet all the property requirements in air as well as in high-pressure
hydrogen, but must also be of low cost to be compatible with automotive
application. six iron—-base superalloys were selected for creep—rupture
property evaluation over the temperature range of 650°-925°C in air and in
15 MPa H,, and reports on stirling engine material studies in air have been
issued periodically (Bhattacharyya, 1982, 1984a,b; Stephens, 1981; Misencik,
1980; Witzke, 1980). This paper presents 2a brief comparative analytical and
microstructural evaluation of creep-rupture performance of two iron-base
superalloys, one wrought and one cast, in air and 15 MPa hydrogen.
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MATERIALS AND EXPERIMENTAL PROCEDURES

The sheet alloy 19-9DL and the cast alloy XF-818 were evaluated; their nom-—

c
inal chemical compositions (in weight percent) are given below. - MO mNHR NmOme HMAo®m 0eOe e oo <% ma-a <
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19-9DL was obtained from a commercial supplier in the form of 0.99 mm sheet : 5 gne el ~7 2 s ] CEE e
which was comparable to the wall thickness of the heater head tubes. XF-818 : o1 3 2
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specimens were investment cast by Climax Molybdenum Co. of Ann Arbor, Michi- i 8 2 s &
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Alloy 19-9DL was solution annealed at 1204°C for 10 min and rapidly cooled z g m Cdet SetRd cameae Beee aan ne” An Ashe w
to room temperature, resulting in a 33 um grain size and a 50 HRA hardness. =
XF-818 was used in the as-cast condition and had a hardness almost identical : % g s No ~®QQo @uan  qan ag  Baa 1% A Tee 3
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second—-phase strengthening precipitates, dispersoids, and some inclusiomns. << = - g
The cast dendritic structure of XF-818 with carbides and lamellar M332 - & d =
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Details of air test equipment and procedures have been published elsewhere g 3
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(Bhattacharyya, 1982), while hydrogen test equipment details will be avail- O 5 " ° - ° - ™ & @ o | &
able shortly in the form of a NASA report (Bhattacharyya and others, 1984). eL’ 3 = IS = ® B R = - & 9
EXPERIMENTAL RESULTS AND ANALYSIS
Basic Data
All air and 15 MPa H, creep-rupture data for alloys 19-9DL and XF-818 are Lo - i Bl S RS G @ D N RorEw oo mee <noe
given in Tables 1 and 2, respectively. The data can be broadly grouped into e ggn'; S5+ $Ed Son®S ININLS FYSSS S SRR oy Rok Bees
two categories: independent (controlled) and dependent (derived). The =t o
independent category covers environment (air or 15 MPa H,), alloy type, A
temperature, and applied initial stress. The observed data were rupture o 5 2
life (t.), minimum creep rate (€_), time to reach 1% creep strain (tg 1), a B .s
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The creep-strain vs. time plots were obtained graphically using a data log- 21 & s
ging computer storage system for all high—-pressure H,6 tests. Sensitive o - @ &
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Of the many different methods of analysis combining stress and temperature =2 & = - - & = =
(Sherby, 1962; Dorn, 1957; Goldhoff, 1978), the Orowan—-Sherby-Dorn (OSD)
method given below was used: . = CR P LooEnnn
= ERvia -] 222 25 2R388 BI33RR 3ITRIAI BAA §§ 38R IRIR
=} za FA% S50 ZzSS*< 2388 = 8o
ln Y = 1n k + n 1n 0 + Q/RT (1) 9
[
where Y is t_, € , or t o is the initial stress, k and n are constants, 0 2 8 3 = = 3 S 3 2
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Q is the apparen@ activation energy, R and T have the known identifications.
A linear regression analysis was performed on the data given in Tables 1 and
2, separately for air (Bhattacharyya, 1982) and 15 MPa H2 (Bhattacharyya and

bpiscontinued without failure.

ATime to 1% strain was less than 0.1 h.
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others, 1984) environments. The analysis determined n, the stress exponent;

Q, the apparent activation energy; k, the fitting constant; and RZ, the
g
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multiple correlation coefficient. Because the amount of air data was twice (a) ~44 ®)
as large as hydrogen data, the multiple correlation coefficient, RZ, for air
analysis was often times higher.
The OSD relationship was rearranged in the following manner:
In Y - Q/RT =lnk +n lno 2) +
. °C
¢
and plotted in Figs. 1 and 2 for rupture life vs. stress for 19-9DL and XF- @ 650 m 650
818, respectively. Similar graphical relationships, not shown, were " -48 © 705
obtained for € and ty o -VS. stress. o 70
o : a 760 a 760
+ 815 + 815
Rupture Life Analysis X 870 X 870
© 925 o 925
The stress slope (n) and the apparent activation energies (Q) for rupture
life in the two environments were as follows:
Stress Apparent : ’:‘ -64 4— + +————++ + ?) t -52 -4— —t—t—t—
Environ-— No. of Slope Activation Energy v 23885 ISR 5 493338
Alloy ment Data R2 1n k (n) (Q), kJ/mole ] 8 o o =)
19-9DL Air 19 0.975 -17.6 -6.44 461 Stress (0), MPa Stress (0), MPa
15 MPa H, 8 0.974 -18.1 -7.89 522
XF-818 Air 14 0.991 -13.2 -7.52 505 Fig. 1. Effect of environment on temperature—co@pensated rupture life
15 MPa H 7 0.918 1.91 -7.09 349 - for 19-9DL alloy. (a) 15 MPa Hp, (b) air.
2 B . . 3

Minimum Creep Rate Analysis

A similar analysis for the minimun creep rate showed the following: (a) .
-48
Stress Apparent
Environ— No. of Slope Activation Energy
Alloy ment Data R? 1n k (n) (Q), kJ/mole
19-9DL Air 19 0.948 15.2 7.38 =573
15 MPa H, 9 0.941 9.93 8.10 -564 >
£ .
XF-818 Air 14 0.990 6.85  7.47 -545 = ¢
15 MPa H 7 0.866 -5.84 7.60 -441 ' @ 650
2 i -52
I o 705
The stress slope values tend to indicate that in 19-9DL both rupture life o & 760
and minimum creep rate become more sharply dependent on small stress - s
changes. In XF-818, the dependence on stress is not significantly affected ®
by the environment. The apparent activation energy values do not provide a X 870
clear trend. As to rupture life, 19-9DL appears to become a more creep ¢ 925
resistant material with an increasing Q while the opposite is noted for XF-
818. As to minimum creep rate, there appears to be no environment effect
with 19-9DL, whereas Q becomes less negative for XF-818 under 15 MPa H,. = i ) ol s
Total Elongation : g 3 8 88
Specimen elongations in the two environments shown in Fig. 3 indicate a Stress (0), MPa Stress (0), MPa
similar H, effect in decreasing elongation at rupture in both the alloys.
Fig. 2. Effect of environment on temperature-compensate

for XF-818 alloy.

(a) 15 MPa Hs,

(b) air.

d rupture life
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3500-h Rupture Life Stress

60 (a) i
IA" The MOD 1A Stirling automotive
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engine design criteria (Cornwall,
o 1981) indicate that the effective
engine life should be taken to be
3500 h of running time. Based on
the temperature-compensated ana-
lytical data, stresses for 3500-h
rupture lives were estimated,
indicating no significant effect
of H, on rupture life. For exam-—
ple, in 19-9DL the stresses for
870°C/3500-h life in air and 15
(b) MPa H, were 34 and 38 MPa, respec-

tively, and for XF-818, the corre-
‘ E sponding values for 775°C/3500-h

15 MPa Hydrogen
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. life were 130 and 118 MPa, respec-
1 tively. The design stresses for

L l . ! b 19-9DL and XF-818 were 28 MPa at

870°C and 119 MPa at 775°C,

respectively; XF-818 appears to be

marginally inadequate in HZ envi-

ronment and needs further alloy

development, which is now under

Fig. 3. Effect of environment on total way .

elongation. (a) 19-9DL, (b) XF-818.
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FRACTOGRAPHY AND MICROSTRUCTURE ANALYSIS

Examination of fracture surfaces indicated no definite crack initiation
sites, and multiple cracks were observed to be initiated from the surface
leading to rupture. Sheet specimens showed many more such cracks close to
the fracture surface than the cast specimens. Almost all the fractures
appeared rough, rugged, and granular. The main fracture mode was decohesive
rupture associated initimately with dimple rupture. Detailed fractography
of all six alloys tested in air has been published (Bhattacharyya, 1982).

19-9DL

Typical specimen fractographs are shown in Fig. 4. Fracture surfaces in H
(Figs. 4b) were similar in appearance to those tested in air (Fig. 4a), an%
were extremely rough with origins at multiple locations. The overloaded
middle region reveals dimple rupture with inclusions rich in chromium loca-
ted inside the dimples (Fig. 4c). The H, test fracture (Fig. 4b) reveals
over two—thirds of the region covered with fine dimples (Fig. 4d).

Fractured specimens, polished to mi¢-thickness, indicated that fracture was
extensive through the section. Large angular grain boundary (gb) carbides
observed appeared to be more continuous at the fracture surface than those
away from the edge, and because of their continuity even in areas away from
the fracture edge (Fig. 4e) oxides vere noted at the gb's. H_ -tested speci-
mens had fractures close to both edges as well as in the interior with evi-
dence of voids along gb's (Fig. 4f) which coalesced and led to fracture.

nees

- hs of fracture surfaces.
Fig. 4. 19-9DL: SEM macro- and micrograp )
e (a,c,e) Tested in air; (b,d,f) tested in 15 MPa Hj.
(a) 870°C/29 MPa, (b,d) 705°C/237 MPa, (c) 705°C/131 MPa,
(e) 815°C/59 MPa, (f) 760°C/88.5 MPa.
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XF-818

Air-tested specimen fractures were rough with relatively smooth facets
inte;mixed with rugged areas. Columnar fracture along dendritic orientation
can be seen in Fig. 5a. Dimples, absent at lower temperatures, covered the
columnar dendrites at the higher temperatures.

Hydrogen fracture surfaces (Fig. 5b) indicated different degrees of ductil-
ity along with dimple rupture (Fig. 5c). Fracture followed an interdendri-
tic path with dendrite areas near the fracture appearing to be oriented more
perpendicularly to the fracture edge. At higher temperatures fracture had
also occurred by interdendritic rupture with cracks in the eu;ectic struc—

ture (Fig. 5d). Interdendritic phases consisted of a lamellar boride phase

alternating with austenite. The lanellar phase between the arms had apheav
concentration of molybdenum with localized concentration of boron. Y

The structural analysis indicated that the predominant mode of rupture did
not alter due to environment effect. However, more subtle effects have
occurred as evidenced by a decrease in total elongation in H_ . The slidin
of grains sets up stress concentration at the grain junctions and at the 8
various irregularities (second phases, porosity, etc.) along the grain boun-
daries. Local decohesion and cavity formation lead om to crack initiation
and rupture. H, accumulation in these cracks and voids may accelerate cr k
propagation and decrease overall ductility. ¢

A e & \
Lt N O

Fig. 5. XF-818: SE@ macro- and micrographs of fracture surfaces.
(a) Tested in air; (b-d) tested in 15 MPa H.. (a) 815°C/
138 Moo (b.e) 760°C/216 MPa, (d) 815°C/176°MPa.
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SUMMARY AND CONCLUSIONS

Wwrought alloy 19-9DL and cast alloy XF-818 intended for the Stirling engine
were tested in air and 15 MPa H,- The rupture life, minimum creep rate,
time to 1% creep strain, and total elongation were analyzed, and fracture
surfaces were evaluated. The analysis indicated the following:

e At the MOD 1A engine maximum operating temperature of 870°C and 28 MPa
design stress level, the tube alloy 19-9DL remained adequate in 15 MPa
H. . Alloy XF-818 with a design stress of 119 MPa at 775°C became
marginally inadequate indicating the need for further alloy development.

e High-pressure hydrogen had a significant effect in reducing rupture
ductility for both 19-9DL and XF-818.

e No effect of 15 MPa HZ (as compared to air) was noted on fracture modes
or on structure and grain boundaries.
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