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ABSTRACT 

Rockwell International's Energy Systems Group, 
under contract to Brookhaven National Labora- 
tory, has completed a 2-year program to develop 
a novel temperature-actuated seal concept for 
geothermal applications. This seal concept uses 
the unique properties of a shape memory alloy 
(Nitinol) to perform the sealing function. The 
several advantages of the concept are discussed 
in the paper. Demonstration tests of both face 
and shaft seals have shown that leaktight seals 
are feasible. Supporting materials studies have 
included corrosion tests in geothermal fluids, 
elevated temperature tensile tests, experimental 
electropl ati n and metal 1 ographi c evaluations 
of microstruckes. 

INTRODUCTION 

One of the siginificant materials problems limi- 
ting the increased exploitation of geothermal 
energy is the short life of the elastomeric 
seals in the downhole pumps. The high tempera- 
tures and aggressive environments cause rapid 
degradation of the conventional seal materials. 
DOE-funded research has provided some improve- 
ment in the life of the elastomeric seals. How- 
ever, the use of suitable metallic seals would 
provide a quantum improvement. The Energy 
Systems Group (ESG) has developed a novel tem- 
perature-actuated seal* concept for geothermal 
applications. ESG's seal concept, shown in 
Table 1, uses the unique properties of a "memory 
alloy" that is fabricated in the cross-sectional 
shape and dimensions required to perform the 
desired sealing function. The memory alloy part 
can be formed as desired to facilitate assembly 
of the mating units. When heated through a 
critical temperature range, the alloy is trig- 
gered to return to its original (memory) shape. 
In so doing, it contacts the surfaces of the 
retaining cavity in the seal assembly to form a 
seal. The contact stresses are provided by the 
memory alloy, not by an applied external pres- 
sure. Leakage paths that can occur in conven- 
tional metal seals are expected to be 

* W .  H.  Friske and H. Schwartzbart, ESG-82-14, 
"Shape Memory Alloy Seals for Geothermal 
Applications Final Report," July 30, 1982 

self-healing in this concept. Table 2 lists 
some of the advantages of shape memorq alloys 
for seal applications. 

Nitinol" is the generic name for a family of 
alloys composed of about 55% nickel ana 
45% titanium. It was developed by the Naval 
Ordnance Laboratory (NOL) , hence the acronym 
N i  Ti E. In this paper, the acronym Etitinol 
iiilrbe used throughout to denote Ni-Ti alloys. 
When appropriate, specific tradenames will be 
used and so noted. 

MATERIALS STUDIES 

1. Corrosion Test 1--East Mesa. The first 
corrosion test was conductea in the East Mesa 
Geothermal Component Test Faci 1 i ty (GCTF). 
Nitinol-type materials then available for test- 
ing included: ( 1 )  sheet specimens of Tinel A (a 
proprietary a1 loy marketed by Raqchem Corpora- 
tion), (2) rod specimens of conventional hitinol 
provided by Unitec Corporation, ( 3 )  U-bend 
stress corrosion speciments of Tinel A, and 
(4) comnercial A "Cryofit" fittings provioea by 
Raychern. For reference, test specimens of 
Type 304 stainless steel, carbon steel, Viton 
and Neoprene rubbers were included. 

The test was exposea to geothermal brine from 
hell 8-1 for a total of 42 aays, with 25 at 
hot-flow conditions. Brine temperature was 149 
to 154OC (300 to 3100F), pressure was 100 to 
105 psi, and flow rate was 10 gpm. A total of 
12 Tinel A coupons were testea with an average 
corrosion rate of 0.05 mg/dm2 day (0.1- mils 
per year). In comparison, the six stainless 
steel coupons haa corrosion rates in the range 
of 48 to 61 mg/dm2 day (8.6 to 10.9 mpy) two 
orders of magnituae higher. The carbon steel 
specimens were severely scaled with 10 to 20% 
increase in thickness. There was some pitting 
and crevice corrosion on the Tinel A sheet 
specimens but none on the Cryofit fittings of 
the same alloq. Both Tinel A U-bend specimens 
failed (these specimens were stressed beyond 
their yielo strength), indicating that the alloy 
is susceptible to SSC at very high stress 
levels. The reference elastomeric O-rings, Neo- 
prene in particular, were severely swollen and 
distorted; the Niton suffereo less aistortion 
but actually shrunk in diameter. 
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2. Corrosion Tests--TRW-Reda. Arrangements 
were made with Reda Pump Division to conduct 
corrosion tests of the same Ni-Ti alloys tested 
at East Mesa. 

'exposed for 68 days in (1) a simulated brine in 
a laboratory corrosion rate test, and (2) a geo- 
thermal brine at the Magnolia, Arkansas, test 
facility. The composition of the test fluid was 
considered to be proprietary; however, the brine 
was reported to be very "aggressive with a high 
level o f  hydrogen sulfide' (i .e., 25-303 of 
gases is H2S). The laboratory test fluid was 
similar to that of the well except that there 
was no H2S. The test temperature was reported 
to be about 9OoC. The corrosion rates in both 
tests was reported to be 0.5 to 0.6 mg/dm2 day 
(0.08 to 0.11 mpv), with no visible corrosion or 
pitting. 

3. Corrosion Test-L'Garde A 30-day corrosion 
test was conducted by L'garde, Inc., Newport 
Beach, California, in a synthetic brine with a 
controlled H2S level of 300 ppm at 260OC 
(500%). This synthetic brine was more agres- 
sive than that of East Mesa, and the test tem- 
perature was higher than for both East Mesa and 
Magnolia brines. The Nitinol material used in 
this test was procured from the Nitinol Tech- 
nology Center. The test matrix consisted of 
1 ten Nitinol strip corrosion rate coupons, I {  2 three reference Type 304 stainless steel 

corrosion rate coupons, (3) three Nitinol bent- 
beam stress corrosion specimens stressed to 50, 
75, and 90% of yield strength, (4) three Nitinol 
U-bend stress corrosion specimens stressed at 
>loo% Y.S., (5) one 304 SS U-bend specimen, and 
(6) four Nitinol crevice corrosion couples. 

The ten Nitinol coupons showed weight gains of 
1.21 to 3.09 mg/dm2 day while the three stain- 
less steel coupons had weight losses in the 
range o f  2.36 to 2.60 mg/dm2 day. (These 
rates should be considered as qualitative only 
because an undetected leak in the autoclave may 
have altered the brine composition.) There was 
no stress corrosion cracking in Nitinol or 
stainless steel specimens. Superficial pitting 
was obvserved on all Nitinol and stainless steel 
specimens, however, it was much more pronounced 
on the stainless steel. One of the Nitinol 
couples showed an indication of incipient 
crevice corrosion. 

Specimens of each alloy were 

4. Corrosion Test L--East Mesa. A second 
corrosion test, identical to the matrix tested 
at L'Garde, was conducted fn the GCTF's 
Well 6-2. The fluid temperature was 174OC 
(345OF) with a well pressure of 350 psi and a 
flow rate of 10 gpm in the manifold. Based on 
1978 analyses, the liquid brine has a total dis- 
solved solids (TDS) content of 4220 ppm with a 
pH of 6. Inspection after 30 days revealed that 
all specimens were coated with oil due to an oil 
leak in the downhole pump, After cleaning, the 
specimens were retested in fluid from Well 8-1, 
the artesian well used in the first test. This 

retest was conducted for 30 days at a fluid tem- 
perature of 160OC (320OF). Again the speci- 
mens were coatea with oi 1--presumably from 
residual oil in the manifold. The corrosion 
rate data are considered to be suspect. How- 
ever, it was observed that there was no stress 
corrosion cracking or crevice corrosion and very 
little pitting. 

5. Elevated Temperature Tensile Tests. These 
tests were conducted to oevelop tensile aata at 
expected geothermal temperatures for aownhole 
pumps. Test temperatures were 260OC (500OF) 
3nd 3010C (700OF). The material tested was 
Raychem's Tinel A. The results indicated that 
this alloy will have a tensile strength exceed- 
ing 100 ksi, and a yield strength above 50 ksi 
in this temperature range. The modulus of elas- 
ticity was in the range of 6.3 to 7.3 million 
psi compared to 30 million psi for steels. 

6. Metallo ra h . Metallographic techniques 

Tinel A and Nitinol alloys. The preferred 
etchant was found to be 12 vol X HRO3 - 
6 vol X HF - 82 vol % H2. Etching time was 
found to be critical; the specimen must be 
removed from the etchant at the precise instant 
that a greyish film develops on the surface. 
Using this technique, grain structure and preci- 
pitates can be resolvea. Precipitates are typi- 
cal of Nitinol alloy microstructures. They do 
not affect the shape memory alloy properties, 
per se; however, they can change the critical 
Ni-Ti composition, and this secondary affect can 
change the transformation temperature. 

7. Coatin s. Feasibility studies here con- 
d u c t e d p p l y i n g  soft coatings (for sealing 
rough surfaces) and hard coatings (for wear 
resistance) on Nitinol. After considerable 
experimentation, it was founa that an immersion 
copperplate could be applied in a solution con- 
taining HF and copper ions introauceo by the 
addition of a small amount of copper fluoro- 
borate. The iwersion-plated strip was then 
electroplated in a fluoroboratea bath. The 
resultant coating had excellent adherence and 
ductility, and metallography revealed that the 
bond was free of porosity. A few tests were 
made to define the best conditions for applying 
the iwersion copperplate. Better results were 
obtained with a high (30%) HF concentration and 
a low (2%) concentration of copper fluoro- 
borate. About 0.5 to 1 minute at ambient tem- 
perature appears adequate to obtain an accept- 
able iwersion coating. 

In nickel-plating experimentation, a Tinel A 
specimen was pretreated with an immersion 
copperplate and then electroplated with nickel. 
The resultant nickel plating was less adherent 
than the electroplatea copper but much more 
adherent than coatings applied without the 
immersion copperplate. 

were + deve opea to resolve the microstructures of 
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the seal continued to leak as the loop's water 
temperature increased to about 1i2OC 
(270OF). The seal was then disassembled. 
Inspection revealed that the Nitinol seal had 
completely recovered to its shape memory 
thickness; this inaicated that there had been 
too large a gap between the flanges, thus the 
seal was not restrained and there were no seal- 
ing forces. The seal was re-sized using flange 
bolts to deform the sealing lands, and then 
reassembled in the loop with bolting torques of 
10 in. lb. This torque permitted a small leak 
with the seal cold. When the hot (149OC - 
300OF) loop water was valved into the assem- 
bly, the leak stopped abruptly, inoicating that 
the Nitinol had been triggered to return to its 
memory shape. After cooling, the seal d i d  
develop a small leak. 

2. Tests at L'Garde. Two 2-in.-aiameter face 
seals were machined from the 5/16-in. plate 
stock for testing by L'Garde, Inc., kewport 
Beach, California, in their elastomeric seal 
test apparatus. The seal design, also a modifi- 
cation of the toothed design aeveloped by 
Raychem, was intended for clirect replacement of 
a standard 2-329 elastomeric O-ring. A face 
seal test fixture was oesigned and built for the 
Nitinol seal test. 

The objective of the first test was to demon- 
strate that activation of the Nitincl seal would 
produce sealing. In this test, the seal was 
installed with the bolts torqued finger-tight to 
permit a detectable leak when cold. At 200 psi 
pressure prior to heatin , the seal leakea; when 
heated to 149% (300OF7, the seal has leak- 
tight at 800 psi, with a slight leak aetectable 
at 1000 psi. The objective of this test was 
met. 

The objective of the second test of this seal 
was to demonstrate that this seal woula function 
at 260OC (500OF) at a A P  of 1500 psi, the 
expected design conditions in a turbine pump. 
Prior to heating, there was no leakage at pres- 
sures below 400 psi; after heating, the seal was 
leaktight at 1500 psi. It has then pressurizea 
to determine its limit--it remained leaktight to 
4250 psi. 

An endurance test of 10 days in a synthetic 
brine at 260OC (500OF) at a A P  of 1500 psi 
was conducted with a second seal. The test was 
completed as planned without leakage. 

The objective of the final test was to evaluate 
the performance limits of the seal following the 
successful endurance test. The seal was pres- 
surized to about 2500 psi before a leak aevel- 
oped; when the pressure was reduced to 1500 psi, 
the seal was again leaktight. When cooled unaer 
1500 psi pressure, the seal remained leaktight 
until the temperature reached 85OC (158OF). 

3. Tests at Kobe. A 1-1/4-in. static shaft 
seal was designed ana fabricated for testing by 

DESIGN STUDIES 

The seal design studies were initiated as a 
coordinated effort between ESG, Raychem, and two 
geothermal pump manufacturers (Sperry Vickers 
and TRW-Reda). As a result of this effort, 
Raychem conducted a program in which small 
(2-in.) seals for flange joints were designed, 
fabricated, and tested. The key objectives were 
to (1) select an appropriate alloy, (2) select 
one or more seal designs, and (3) fabricate and 
test the seals. A binary alloy, nominally 
55 Ni-45 Ti, with a transformation temperature 
from martensite to austenite above ambient was 
chosen. Because the transformation temperature 
increases under stress, the actual value for an 
installed seal was expected to be higher than 
the unrestrained transformation temperature of 
about 710C (160OF). 

Two seal concepts were chosen: (1) a circular 
cross-section O-ring design, and (2) a toothed 
cross-section design. Two seals of each design 
were fabricated and tested. Each seal was leak- 
tight in room-temperature tests using nitrogen 
gas at pressures at 1000 psi and in water to 
3000 psi. The circular cross-section seals 
showed evidence of slight leakage (i.e., pres- 
sure fluctuation, pressure drop) when tested in 
315OC (600OF) water at pressures to about 
3000 psi. One seal of the toothed design was 
pressurized to 4200 psi and the second to 
3275 psi, both in 315OC (6OOOF) water with- 
out leaking. These tests indicated that the 
toothed design was somewhat superior to the cir- 
cular cross-section design. 

SEAL DEMONSTRATION TESTS 

1. Tests at S err -Vickers. A 6-in.-diameter 
face seal was mihin:d from the 5/16-in. Nitinol 
plate stock procured from the Nitinol Technology 
Center. The seal shape was a modification o f  
the tooth design developed by Raychem and was 
designed for direct substitution for a standard 
2-258 elastomeric O-ring i n  Sperry-Vickers' tur- 
bine pump assembly. Using a Riehle Universal 
test machine, the thickness of the seal was 
reduced from 0.1212 in. to the intermediate 
shape thickness o f  0.1162 in., a reduction of 
8.3% in the sealing lands. 

The seal was delivered to Sperry-Vickersl Aero- 
space-Marine-Defense Division in Jackson, 
Mississippi, and installed in a bypass line in 
the geothermal test loop. The test fixture was 
instrumented to measure the pressure differen- 
tial across the seal; any change in t h e A P  would 
be directly related to leak rates. The seal was 
initially assembled with a torque of 50 in. lb 
on the flange bolts and determined to be leak- 
tight when pressurized with air. For this 
demonstration test, the bolts were untorqued 
until there was a definite leak. (If the leak 
stopped after the seal temperature was raised 
above the transformation temperature, this would 
prove the seal concept.) In the initial test, 
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Kobe, Inc., Huntington Park, California. The 
seals were machined from 5/16-in. plate stock 
for assembly in a conventional 2-218 O-ring 
gland. The seal was presized by compressing the 
thickness from 0.1878 in. to 0. 1838 in. and 
expanding the inside diameter from 1.171 in. to 
1.253 in. When heated, the seal will strive to 
(1) increase in width, and (2) decrease in dia- 
meter to its memory dimensions, thus exerting 
two-dimensional sealing forces against the 
mating surfaces of the shaft and gland. 

Three such seals were fabricated and delivered 
to Kobe for testing in oil in their standard 
seal test apparatus. One seal was exposed in 
232OC (450OF) oil for 2 weeks. the second 
for 4 weeks, and the third is still in test. 
The first two seals were not pressurized at tem- 
perature but were reported to leak when cooled 
to ambient. The third was tested at tempera- 
ture--it was leaktight at temperatures above 
135OC (275OF) but leaked at 121OC 
(250OF). Testing of the latter seal is con- 
tinuing in another test apparatus. 

D I SCUSS I ON 
A major concern in the applications o f  Nitinol 
seals has been corrosion resistance in geo- 
thermal brines. Initial test results indicated 
that Nitinol alloys have good resistance to gen- 
eral corrosion but may be susceptible to pit- 
ting. In subsequent tests, although compromised 
to some degree by anomalies in test environ- 
ments, Nitinol's good resistance to general cor- 
rosion was confirmed, however, some pitting cor- 
rosion, albeit minor, was observed. Also, con- 
trary to the initial tests in which highly 
stressed U-bend specimens of alloy Tinel A 
failed, there were no stress corrosion failures 
of conventional Nitinol at. controlled stress 
levels up to and exceeding its yield strength. 
These tests have shown that Nitinol alloys have 
a higher corrosion resistance than the reference 
Type 304 stainless steel. 

In seal demonstration tests, it was shown that 
the shape memory effect of Nitinol alloys can, 
in practice, be utilized to generate and main- 
tain a leaktight seal at geothermal brine tem- 
peratures. While the seals tended to develop 
leaks when cooled, it should b recognized that 
all o f  the seal tests were made with a Nitinol 
alloy that had a relatively high transformation 
temperature range. It is believed that these 
apparent problems can be eliminated b selecting 
an alloy composition with a near-amb7ent trans- 
formation temperature range and by optimizing 
seal designs . 

CONCLUSIONS AND RECOMMENDATIONS 

Nitinol flan e seals and pump shaft seals have 
been designel, fabricated, and tested. 

It has been demonstrated that the shape memory 
effect of Nitinol can be utilized to generate 

and maintain a leaktight seal in a geothermal 
environment. Furthermore, the many advantages 
of shape memory alloy seals over elastomeric 
seals dictate the desirability of further study 
and implementation. 

It is recommended that further testing of these 
seals be conaucted in aownhole pumps. 

It is recommended that future efforts include 
Nitinol alloy compositions with near-ambient 
transformation temperature ranges and seal 
design optimization studies. 

Material tests continue to show that Nitinol 
a1 loys have excellent general corrosion resis- 
tance in geothermal brine and are superior to 
stainless steels. It is recomnended that corro- 
sion testing be continued, particularly the 
evaluation o f  the potential for pitting corro- 
sion. 
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Table 1 
Shape Memory Alloys 

HOW THEY WORK: 

THERMOMECHANICAL WORK TO "FIX" 
MEMORY PROPERTIES 

FORM OR MACHINE TO SHAPE THAT IT 
WILL BE CALLED UPON TO REMEMBER 
LATER 

CLAMP, HEAT TO IMPART THE MEMORY, 
AND WENCH TO MARTENSITE PHASE 

STRAlNlDEFORM TO ANY DESIRED 
INTERMEDIATE SHAPE 

INSERT IN SEAL GLAND AND HEAT ABOVE 

- 
I 

THE CRITICAL TRANSFORMATION TEMPER- 
ATURE. PART WILL REMEMBER ITS ORIGINAL 
MEMORYSHAPE AND ATTEMPT TO RETURN 
TO IT. THEREBY EXERTING CONSIDERABLE 
FORCE ON SEALING SURFACES 

TABLE 2 
ADVANTAGES OF SHAPE MEMORY ALLOYS 

. Nitinol seals are actuated by temperature, not by an externally 
applied load, and will be particularly applicable where remote 
sealing would be advantageous. 

deformation at low-stress levels, increasing conformability at 
mating surfaces. 

. Nitinol alloys have good mechanical strength properties at 
geothermal temperatures. 

. Nitinol alloys have good resistance to corrosion in geothermal 
environments . 

. Nitinol alloys are metallurgically stable in geothermal environ- 
ments and, unlike elastomeric materials, are not susceptible to 
hydrolytic instability or other degradation during service. 

material, if necessary, to seal components with nonuniform 
geometry or rough sealing surfaces. 

applications with low electrical conductivity, dielectric, or 
other special properties. 

Nitinol seals can be coated by chrome plating or hardfacing for 
applications requiring wear resistance. 

. Nitinol alloys have low modulus of elasticity which allows 

. Nitinol seals can be coated with s o f t  metals or a nonmetallic 

. Nitinol seals can be coated with a nonmetallic material for 

. 
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