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Helium Cooling System f{or Long-term Fatigue Test at
Liquid Helium Temperature

Toshio OonatTa, Keisuke ISUIKAWA, Kotobu NAGAL

Keijiro HIRAGA, Yuji NAKASONE and Tetsumi YURI

Synopsis :

© 1985

181]

A Fatigue Testing Machine at Liquid FHelium Temperature with new re-condensing type cooling system

was installed in National Rescarch Institute for Metals, Tsukuba Laboratories.

‘The machine has been

designed for long—term [atigue testing at liquid helium temperature.

the closed test machine cryostat.

The machine has a recondenser in

Helium mist is translerred to the recondenser {rom the refrigerator and
evaporated helium gas is recondensed in the cryostat.
stant without additional supply of liquid helium during the testing.

The liquid helium level in the cryostat is kept con-
This recondensing type cooling system

has achieved long-term continuous operation for more thau 460 h.
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Photo. 1. Whole view of fatigue testing machine
at liquid helium temperature.
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Fig. 2. Cryostat for fatigue testing apparatus.
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Photo. 3. Cryostat and cylinder for specimen
holder.
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May 1984.
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A New Liquid Helium Temperature Fatigue Testing System*

By Toshio OGATA** and Keisuke ISHIKAWA**

Synopsis

A liguid helium lemperature fatigue testing system was developed at the
National Research Instilate for Metals, Tsukuba Laboratories. The
system is equipped with a recondenser intalled in the test machine cryostat,
whereby the helium mist is transferred lo the recondenser from the refriger-
ator and the evaporated helium gas is rerondensed in the cryostal.  Thus,
the liquid helium level in the cryosiat is kept conslant without an additiona
supply of liguid helium during testing. A conlinuous operalion of more
than 460 h has been achicved with this fotigue lesting system.

I. Introduction

The progress of the superconducting technology in-
creasingly demands highly reliable structural materials
for liquid helium temperature (—269 °C) use. The
accumulation of fatigue data becomes extremely im-
portant in this sense. A system for the fatigue test at
liquid helium temperature was developed at the Na-
tional Research Institute [or Metals, Tsukuba Labo-
ratories in March, 1983. Since then, the system has
been satisfactorily working to evaluate the fatiguc life
of structural materials at a cryogenic temperatures.

So far, few data about the fatigue at liquid helium
temperature have been accumulated, except [or those
obtained at NBS (the National Bureau ol Standards
in USA).Y  This is mainly ascribed to diflicultics in
conducting the fatigue test at cryogenic temperatures.
For example, a fatigue cycle (N ;) of about 10% is needed
to estimate the fatigue life of a certain material.
Due to the nature of the fracture by [atigue, it is dil-
ficult to predict the fatigue life, so that the fatigue
test can not be cut down. Besides, the specific heat
and the thermal conductivity may become extremely
small at cryogenic temperatures,? and the specimen
temperature may be readily raised by small plastic
deformation. This also prohibits the testing time
from being shortened by increasing the test [requency.
Thus, the fatigue test at liquid helium temperature re-
quires the prevention of the internal heating of the
specimen in addition to the removal of the heat invad-
ing from the outer system.

There are two cooling methods for the fatigue test
at liquid helium temperature. One is pouring and
replenishing liquid helium into the cryostat accord-
ing to the evaporation of the helium, and another is
re-liquefining of the evaporated helium gas. The
first method is the simplest but consumes a large
amount of expensive liquid helium during the long-
term test, and takes troubles for replenishing the liquid
helium. The second method can save the consump-
tion of liquid helium as well as the troubles, but the

possibility of contamination by moisture or air com-
ponents is increased, instead. It is also not easy to
carry out the long-terin operation of the liquefier
along with the operation of the purifier which requires
delicate maintenance work. The present system
adopted the closed loop recondensing method for the
long-term continuous operation, and has achieved a

continuous operation of more than 460 h.

II. Details of the System
1. Composition of the System

The system is composed of a compressor, a purifier,
a gas holder, a relrigerator and a (atigue test machine.
Photograph 1 shows a whole view of the system: the
compressor is installed in the next room. Helium
flow process within the system is shown in Tig. 1.
Typical temperature values of various parts of the re-
[rigerator and the cryostat at a steady state are also
given in the figure. The cooling system has two
closed loops. One is for producing helium mist by a
Joule-Thomson (JT) valve and transferring the mist
to the recondenser in the fatigue test machine cryo-
stat. The other is for recondensing evaporated helium
gas in the closed cryostat.

2. Helium Compressor

Inlet gas pressure of the expansion engine and the
JT valve in the relrigerator is increased to about
16 atm (1.7 MPa) by the compressor, which is op-
crated at high speeds and in a balance-opposed

Photo. 1.

Whole view ol [atigue testing machine for liquid

helium temperature.

*  Originally published in Tetsu-to-Hagané, 71 (1985), 236, in _Ja];énese. English version received on July 10, 1985; accepted in the final

form on September 13, 1985. @© 1986 I1SI]

** Tsukuba Laboratories, National Research Institute for Mectals, Sengen Sakura-mura, Niihari-gun, Ibaraki 305.
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Flow diagram of fatigue testing system
for liquid helium temperature.

reciprocating manner and fully sealed to avoid the
pollution of the helium gas by oil and air components
during the long time operation. The motor has a
capacity of 65 kW (200 V, 50 Hz), and is cooled with
water, The maximum fow rate is 300 Nm?/h.

3. Gas Holder

The gas holder has a capacity of I m® and is made
of coated steel. This holder is connccted to the high
and low pressure lines of the loop with automatically
controlled valves. The inlet pressure of the compres-
sor is adjusted between 0.01 to 0.02 atm. The gas
pressure in the holder is about 7 atm belore the opera-
tion and reduced to about 3 atm in the fully cooled
steady state.

4. Gas Purifier

The impurities in the helium gas in the closed loop
must be completely removed prior to the operation,
in order to prevent the {rozen impurities from block-
ing the gas passage. The purifier contains a molecu-
lar sheaves adsorber for the removal of moisture and
a charcoal adsorber (cooled to liquid nitrogen tem-
perature) for the elimination of oxygen and nitrogen.
The purifier is used to reduce the density of moisture
to less than 10 ppm and the density of oxygen and
nitrogen to several ppm prior to a long-term opera-
tion. The high purity of the helium gas in the loop
is kept unless the loop is opened.

5. Helium Refrigerator

The high pressure gas is cooled to about 5 K by
Nos. 1 to 6 heat exchangers and the JT heat ex-
changer. No. 8 heat exchanger is used for adiabatic
gas shielding at the starting of the system. The outlet
gas temperature at each heat exchanger is shown in
Fig. 1; about 130 K at No. I exchanger and about
60 K at No. 2 exchanger outlet.

This refrigerator has three-stage Claude cycle en-
gines and can provide 20 W at 4.4 K without extra
coolant (e.g., liquid nitrogen) or thermal shield. Part
of the cooled gas enters into expansion engines, pro-

He Refrigerator

duces the cold of about 60 K at the first-stage engine,
about 30 K at the second-stage engine and about 8 K
at the third-stage engine. At the JT valve, helium
mist containing about 50 %, moisture is generated by
adiabatic free expansion of the high pressure gas cooled
by the JT heat exchanger to 0.1 atm. This mist is
transferred through the vacuum-insulated mist trans-
fer tube to the recondenser in the test machine
cryostat.  The mist becomes almost gaseous at the
recondenser due to heat exchange, returns to the re-
frigerator and passes through all the heat exchangers
to the compressor suction.

Each expansion engine is incorporated with a
motor/gencrator.  The motor is operated at a low
speed of 150 rpm in order to prolong the lifetime of
the engine. The five major heat exchangers are alu-
minum plate fin types to reduce the weight, improve
the heat efficiency and prevent from blocking of the
passage. The JT heat exchanger is composed of a
dual tube of OFHG copper.  The cold box of the re-
frigerator and the mist transfer tube are vacuum-in-
sulated.  Photograph 2 shows the inside of the refrig-
crator. The JT heat exchanger is seen at the bottom
of the figure.

6. Fatigue Test Machine

The latigue test machine is hydraulic servo-pulse
type and load-controlled. The dynamic maximum
load is £5t and the static load +7.5t. The test
frequency range covers 0.01 to 50 Hz.

Pigure 2 shows a cross sectional view of the test
machine cryostat. The cryostat is vacuum-insulated
and shielded by forced flow of liquid nitrogen. The
helium mist supplied from the refrigerator evaporates
depending on the temperature difference between the
inside and the outside of the recondenser, or depend-
ing on the amount of evaporation of liquid helium in
the cryostat. The latent heat of the mist refrigerates
the evaporated gas and keeps the liquid helium level
constant,

Figure 3 shows dimensions of the specimen. The
sandglass shape of the specimen is to prevent buckling.

Technical Report
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Photo. 2. Inner appearance of refrigerator.
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Fig. 2. Cryostat for fatigue testing apparatus.

The specimen is gripped to the dual cylinder whose
specific frequency is above 100 Hz in order to avoid
the sympathetic vibration with the machine. Photo-
graph 3 shows the cylinder and the cryostat.

III. Cooling Operation
1. Shortening the Cooldown Time

A rather long time is needed for initiating the
fatigue test after starting the cooling of the system,
since there are a number of manual operations; in-
creasing the pressure of the compressor, precooling the
refrigerator and the cryostat, cooling by the expan-

Photo. 3. Cryostat and cylinder for specimen holder.
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Fig. 4. Cooling behavior of refrigerator in March, 1983,

sion engines, adjusting an opening rate of the JT valve
and transferring liquid helium. Figure 4 shows the
cooling behavior of each part of the refrigerator; tem-
peratures at Nos. 1 and 3 expansion engine outlets,
the JT valve inlet and the low pressure outlet of the

JT heat exchanger. The behavior was examined in

March, 1983, just alter the installation of the system.
In this case, it took 17 h to reach a steady state (tem-
perature at each part was settled). This was not only
due to large latent heat capacities of the heat ex-
changers but also due to the intension of avoiding
thermal stresses occurring in the heat exchanger.
Therefore, only insuflicient liquid nitrogen was sup-
plied to the precool lines in Nos. 1 and 2 heat ex-

Technical Report



changers. Thus, the temperature of the No. 3 expan-
sion engine outlet dropped first. After the expansion
engine and the main heat exchanger had been fully
cooled, liquid nitrogen was transferred to the cryostat
and the JT valve was opened to cool the JT heat ex-
changer.

As the time between the start of the cooldown
and the beginning of the test was too long, shortening
of the cooldown time was intended. In the recent
cooldown, liquid nitrogen is transferred to the cryostat
and the precool lines of Nos. 1 and 2 heat exchangers
just before the start of the cooldown. Liquid nitro-
gen is transferred to the heat exchanger for about
1 h until the temperature of the No. 1 expansion en-
gine outlet drops to liquid nitrogen temperature
(77 K). The JT valve is partially opened at the start
and the JT heat exchanger is cooled by the cold from
the recondenser in the cryostat. By the time the tem-
perature of the JT heat exchanger drops to 77 K,
liquid nitrogen in the cryostat is completely purged,
and liquid helium is transferred to the cryostat to a
liquid helium level of about 200 mm. After each
temperature in the refrigerator has reached a steady
state and the evaporation of liquid helium has been
settled, the purge valve is shut off and the cryostat is
closed. Figure 5 shows the cooling behavior of the
refrigerator obtained in May, 1984; the refrigerator
was cooled from both the upper and the lower sides,
and the cryostat can be closed within only 6 h.

The amounts of liquid nitrogen and liquid helium
used before closing the cryostat are about 300 kg and
about 50 [, respectively. Afier the cryostat is closed,
about 15 kg/h of liquid nitrogen is required for shield-
ing the cryostat. However, there is no need for addi-
tional liquid helium supply.

2. Specimen Ixchange during a Continuous Operation of the
Refrigerator
In order to exchange the specimens, the relrigera-
tor was stopped, liquid helium in the cryostat was
evaporated and the temperature inside the cryostat
was raised to an ambient temperature. Otherwise
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Fig. 5. Cooling behavior of relvigerator in May, 1984,
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the temperature balance in the refrigerator may be
broken by abrupt heat invasion at the reentering of
the cylinder to the cryostat and the cryostat can not
be closed due to icing. Thus, for exchanging the
specimens and starting the next test, it took a long
time for warming up and cooling down.

After establishing the temperature behavior at each
part of the relrigerator by the repeated the operation,
the specimen was exchanged with the recondenser
open to the air, by carefully monitoring temperature
and pressure at each part. It was found that there
was no problem in the process of pulling up the cyl-
inder from the cryostat, exchanging the specimen and
re-inserting the cylinder to the cryostat. The tem-
perature of the refrigerator was partially raised but
the halance of temperature was not disturbed and it
took only 2 h to close the cryostat again. Figure 6
shows the change of liquid helium level and tempera-
tures at each expansion engine outlet, the JT valve
inlet, the inlet and outlet of the JT heat exchanger.

The procedure for exchanging the specimen is as
follows (also described in Fig. 6). First, the purge
valve is opened, the pressure of about 0.15 atm
is released and the cylinder is pulled up. At this
stage the level of liquid helium is reduced. No extra
heat invasion to the recondenser was not observed
during the procedure. The liquid helium level is
lowered very slowly and the refrigerator is not far
from the steady state. The amount of evaporation of
liquid helium is reduced to about 3 mm/h (0.4 /), one-
third of that experienced when the refrigerator is stop-
ped (corresponding to natural evaporation). Since
the thermal shrinkage is used to mount the specimen,
the cylinder is heated to a room temperature, when
the specimen is exchanged. After exchanging the
specimen the cylinder is precooled by liquid nitrogen.
Without this precooling, the liquid helium in the
cryostat evaporates completely and the temperature
of the mist transfer tube increases beyond 50 K, and
therefore, the temperature balance in the refrigerator
may not be maintained. After precooling, the cylin-
der is slowly inserted again to the cryostat. The tem-
peratures of the mist transfer line and the inlet of the
JT valve increase to about 20 K, but return to an
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Fig. 6. Liquid helium Jevel and temperature behavior dur-

ing specimen exchange.
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ambient temperature after the insertion.  On the con-
trary, the temperature at No. 2 expansion engine out-
let is decreased, which is ascribed to the partial clos-
ing of the JT valve and the increase of the llow rate
to the engines. Liquid helium level in the cryostat is

reduced to half of the initial amount. About 15/ of

liquid helium which corresponds to the evaporated
liquid helium is added, and the cryostat is closed alter
confirming the steady temperature at cach part, and
then the fatigue test is started.

3. Introduction of a Moniloring System Using a Microcon-
pulter

The present system has an automatical alarm sys-
tem and a multi-pen recorder. However, the manual
operation was necessary for adjusting valves, control-
ling flow rate and for other procedures until the tem-
perature in the cryostat reached a steady state. Thus,
it was still a system depending on the recorder, and
improvements for a highly efficient operation such as
shortening the cooldown time was needed. It is de-
sirable that the system could show the real time work-
ing condition of the relrigerator and its temperature
visibly. The temperature monitoring with a micro-
computer was then introduced. The monitoring sys-
tem is composed of a HITACHI MB-6890 Icvel 3 as
a processor, YHP3497A as data acquisition unit,
platinum resistance thermometers and chromel-almc]
thermocouples. Main specifications of this system
are as follows:

(1) Temperatures (17 points) in the relrigerator
and the cryostat, the liquid helium level, the opening
rate of the JT valve are sampled at an interval ol 15
s and displayed on CRT as Fig. 1 with changing
colors for each temperature range.

(2) According to a certain interval or demands,
each temperature and flow rate arc printed out and
recorded on the floppy disk.

(3) In order to understand the working condition,
the movement of helium gas is also displayed on the
CRT.

By introducing this monitoring systemn, cven a
minute change in the cooling condition can be casily
detected and the suflicient discussion of the cooling
condition is now possible on the basis of the recorded
data.

4. Fatigue Test Frequency al Cryogenic Temperalure

At liquid helivin temperature, specilic heats of

metals become about 1/1 000 of those at room tem-
perature and thermal conductivities are also reduced
to 1/10.2  So, the specimen temperature is raised by
even a small deformation and it is difficult to keep the
specimen temperature at liquid helium temperature.
In order to certily the specimen temperature during
the test, the temperature inside the specimen and on
its surface was measured and the effect of the test
frequency on the temperature was examined. ‘The
results of the inside temperature measurement on a
titanium alloy is shown in Fig. 7. The temperature
was measured as the deviation from the surrounding
liquid helium temperature using a thermocouple (Au-
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Fig. 7. 'Tempcrature risc as a function of [requency and
stress.

0.07%Fe, chromel, 0.2 mmg¢). A hole having a di-
ameter of 2 mm and a depth of 87 mm was drilled in
the specimen, and the thermocouple was located at
the center of the hole. 1n this test, the temperature
rise of more than 1 K occurred when the {frequency
exceeded 5 Hz. With decreasing test stress, the tem-
perature rise was also decreased.  On the other hand,
there was no temperature rise at the surface of the
specimen at any [requency.

1t has been reported that the frequency must be
less than 1 Hz for the stainless steel,® because the
stainless steel has a lower proof'stress compared to that
of the present titanium alloy: otherwide, the fatigue
test was then carried out in the plastic deformation
region where a large amount of heat was evolved.

The fatigue tests have been carried out at the {re-
quency of 4 Hz for titanium alloys.

1V. Conclusion

The present fatigue test machine with the closed
loop recondensation system enables long-term fatigue
tests at liquid helium temperature without an addi-
tional supply of liquid helium. A fatigue rupture
test of more than a week (2x108 ¢cycle) could be car-
ried out, and continucd for a longer period by an im-
mediate exchange of specimens.  The total continuous
operation time of more than 460 I has been achieved.
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Synopsis :

A liquid helium temperature fatigue testing system was developed at the National Research

Institute for Metals, Tsukuba Laboratories.

The system is equipped with a recondenser in-

stalled in the test machine cryostat. Helium mist is transferred to the recondenser from the

refrigerator, and the evaporated helium gas in the cryostat is recondensed into liquid helium.

Thus, the liquid helium level in the cryostat is kept constant without the addition of liquid

helium during testing.

this fatigue testing system.
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Continuous operation of about 1000 hours has been achieved with
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Table 1 Specifications of apparatus.

Refrigeration system;
Refrigeration cycle
Refrigeration capacity minimum 20W

Delivery of coolant

Compressor outlet condition 300K, 1.7MPa

Fatigue test machine;

Type of load

Claud cycle with recondenser

helium mist at 4. 4K, 0. [IMPa

5 ton, maximum tensile and compressive
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Table 2 Chemical composition of base material and weldment

(wt %).

D, 734425y PINOTHERRE

Fe N O H Al Sn Ti

FEIKRKUCE B SHhICRIET L
TWB e~ Y U LI O A 4%

base

weldment

0.012 0.19 0.0024 0.057 0.0058
0.008 0.21 ~ 0.102 0.0040 5.13 2.64 bal.

5.15 2.26 bal.
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Table 3 Tensile properties of Ti-5 Al-2.5Sn ELI

alloys at cryogenic temperatures.
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FATIGUE TESTING AT 4 K WITH A HELIUM RECONDENSATION SYSTEM
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ABSTRACT

A liquid helium temperature fatigue testing system was develqgped at
the National Research Institute for Metals, Tsukuba Laboratories. The
system is equipped with a recondenser installed in the test machine cryo-
stat. Helium mist is transferred to the recondenser from the refrigerator,
and the evaporated helium gas in the cryostat is recondensed into liquid
helium. Thus, the liquid helium level in the cryostat is kept constant
without the addition of liquid helium during testing. Continuous operation
of about 500 h has been achieved with this fatigue testing system.

INTRODUCTION

Fatigue testing systems for liquid helium temperature were developed
at the National Research Institute for Metals, Tsukuba Laboratories and
have been used to evaluate the fatigue life of structural materials at
cryogenic temperatures. The progress in superconducting technology in-
creasingly demands highly reliable structural materials. However, few data
about fatigue at liquid helium temperature have been accumulated, except
for those obtained by NBS (the National Bureau of Standards in the U.S.A.).1
This is mainly ascribed to difficulties in conducting fatigue tests at
liquid helium tegperature. For example, fatigue tests take a long time
because about 10~ fatigue cycles are needed to estimate the fatigue life of
certain materials. Moreover, fatigue tests cannot be accelerated because
the specimen temperature is raised considerably at a high frequencies at
liquid helium temperature.

There are two cooling methods for fatigue tests at liquid helium tem-
perature. One requires replenishment of the liquid helium evaporated dur-
ing testing; the other reliquefies the evaporated helium gas. The first
method is the simplest, but it consumes a large amount of expensive liquid
helium during long-term tests. The second method reduces the consumption
of liquid helium and eliminates its troublesome replenishment, but then the
contamination by moisture or air components is problematic. It is also not
easy to carry out long-term operation of the liquefier accompanied with the
purifier. Consequently, we adopted the recondensation closed-loop system
for the long-term fatigue tests and have achieved a continuous operation of



Table 1. Specifications of Apparatus

Refrigeration system;

Refrigeration cycle Claude cycle with recondenser
Refrigeration capacity minimum 20 W
Delivery of coolant helium mist at 4.4 K, 0.117 MPa (0.2 atm)
Compressor outlet condition 300 K, 1.7 MPa (16 atm)
Fatigue test machine;

Type of load 5 ton, maximum tensile and compressive

loading

Frequency 0.01 to 50 Hz

about 500 h.2 Besides, the system has a great advantage because the dura-
tion of a fatigue test cannot be estimated in advance.

DETAILS OF THE SYSTEM

The specifications of this system are summarized in Table 1.3 Figure 1
shows the principle of a recondensation system. A cryostat with liquid
helium is completely closed. Evaporation of liquid helium is caused by the
heat invading from the surroundings and from the heating of the specimen
tested. On the other hand, helium mist is produced at the Joule=Thomson
(JT) valve in the refrigerator, and the mist is transferred to the recon-
denser in the cryostat. The evaporated gas in the cryostat is recondensed
and reliquefied using the latent heat of the mist at the recondenser and
returned to the liquid helium bath. Accordingly, the liquid helium level
in the cryostat is kept constant. The mist in the recondenser is evapo-
rated with the heat flux from the outside of the recondenser. The refrig-
eration system can work for hundreds of hours, since there is no problem of
contamination.

Flow Diagram

Figure 2 is a helium gas flow diagram of this system. The system is
composed of a compressor, a gas holder, a purifier, a refrigerator, and a
fatigue test machine. The compressor is fully sealed to avoid the contami~-
nation of the helium gas. The maximum flow rate is 300 N/m3, and inlet gas
pressure of the expansion engine and the JT valve in the refrigerator is
increased to about 1.63 MPa (15 atm). The purifier contains a molecular
sheaves adsorber for the removal of moisture and a charcoal adsorber

Compressor

~

closed
l jl , cryostat
E‘;ealslump. 112MPa

~ Recondenser

Helium mist ti?yid
Refrigerator Specimen sore

Fig. 1. 1Illustration of the principle of the recondensation system.
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Fig. 2. Helium gas flow diagram of the fatigue test
system for liquid helium temperature.

(cooled to 77 K) for the elimination of oxygen and nitrogen. The purifier
is used to reduce the density of moisture or oxygen and nitrogen to less
than 10 ppm prior to long=term operation.

The refrigerator has three-stage Claude cycle engines and can provide
20 W at 4.4 K. The helium gas that enters into expansion engines is cooled
to about 70 K at the first-stage engine, to about 30 K at the second-stage
engine, and to about 9 K at the third-stage engine. The high-pressure gas
is cooled to about 5 K by heat exchangers Nos. 1 through 6 and the JT heat
exchanger. The helium mist is generated at the JT valve by adiabatic free
expansion to 0.11 MPa and is transferred through the vacuum—insulated mist
transfer tube to the recondenser in the test machine cryostat, where the
mist almost becomes gaseous owing to heat exchange. Then it returns to the
refrigerator. The five major heat exchangers are the aluminum plate fin
type to reduce the weight, improve the heat efficiency, and prevent block-
ing of the passage. The JT heat exchanger is composed of a dual tube of

OFHC copper.

Fig. 3. Overall view of the system installed at NRIM, Tsukuba.
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The temperature values in the figure are typical of various parts of
the refrigerator in a steady state; they are indicated by a temperature
monitoring system assisted by a microcomputer real-time data acquisition
system. The fatigue test machine is a hydraulic servo-pulse type. The
dynamic maximum load is +5 tons and the static maximum locad is *7.5 tons.
The test frequency range covers 0.01 to 50 Hz. Figure 3 shows a view of
the entire system. Compressors are installed in the next room.

Cooling Curve

Since the heat exchangers have large latent heat capacities, it takes
several hours for each part of the system to reach a steady-state tempera-
ture, Figure 4 shows the cooling behavior of each part of the refrigera-
tor. The cryostat can be closed within only six hours. The amounts of
liquid nitrogen for precooling and liquid helium to fill the cryostat are
about 300 kg and about 50 liters, respectively.
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Fig. 5. Pressure of gaseous helium and level of liquid
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Pressure Behavior after Closing

After the refrigerator has been sufficiently cooled by pouring liquid
helium into the cryostat, the cryostat is closed. Figure 5 shows the lig-
uid helium levels and the pressures in the cryostat and in the recondenser
after the cryostat was completely closed by shutting the blow-off valve.
Once the cryostat was closed, the pressure in the cryostat rapidly increased
and the liquid helium level, which was reduced due to initial vaporization,
began to recover gradually. There was little change in the pressure in
the recondenser. The liquid helium level and pressure difference between
the cryostat and the recondenseéer were kept constant in the steady-state
condition.

Specimen Exchange

When the refrigerator is stopped in order to replace the specimen
after failure, the liquid helium in the cryostat completely evaporates, and
the temperature inside the cryostat raises to room temperature. It takes a
lot of time for the system to return to the steady state. So, the specimen
replacement was carried out without stopping the refrigeration.

Figure 6 gives the results. The recondenser was exposed to the atmos-—
phere during replacement of the specimens. There was no problem in this
procedure. The temperature of each part in the refrigerator was raised
somewhat but was not remarkably disturbed, and the system returned to the
steady state within about two hours. No extra heat invasion to the recon-
denser was observed during the procedure. The liquid helium level was
lowered very slowly after opening the cryostat. The temperatures of the
mist transfer line and the inlet of the JT valve increased to a maximum of
20 K, but returned soon once liquid helium was added. On the contrary, the
temperature of the No. 2 expansion engine outlet decreased, which is as-
cribed to the partial closing of the JT valve and the increase of the flow
rate to the engine. Liquid helium in the cryostat finally decreased to
half the initial amount.
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Table 2. Chemical Composition of Base Material and Weldment (wt.%).

C Fe N O H Al Sn Ti
base 0.012 0.19 0.0024 0.057 0.0058 5.15 2.66 Dbal.
weldment| 0.008 0.21 - 0.102 0.0040 5.13 2.64 bal.

Table 3. Tensile Properties of Ti-5A1-2.5Sn ELI Alloys at Cryogenic
Temperatures.

base material weldment
testing temperature (K) 293 77 4 4
yield strength (MPa) 705 1209 1405 1368
tensile strength (MPa) 772 1277 1483 1459
fracture strain (%) 14.6 15.3 9.9 6.7

TESTING RESULTS

Fatigue tests have been carried out on titanium alloys, stainless
steels and other materials with this system. The material used here was a
Ti-5A1-2.58n ELI alloy. Table 2 shows the chemical composition of the base
material and weldment; their tensile properties are given in Table 3.
Figure 7 illustrates a cross—sectional view of the test machine cryostat.
The specimen is gripped by the dual cylinder, whose specific frequency is
above 100 Hz to avoid sympathetic vibration with the machine.

Figure 8 gives the dimensions of the specimens. The internal tempera-
ture of specimens during fatigue tests was measured. A thermocouple was
used to measure the difference in the temperature between the surrounding
liquid helium and the specimen.
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Fig. 7. Cross—-sectional view of the cryostat
for the fatigue test apparatus.
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Fig. 8. Dimensions of specimens used.

Internal Specimen Heating

As shown in Figure 9, the temperature rise of the specimen was kept at
less than 1 K, at a stress of about half the yield stress. At a stress of
four-fifths of the yield stress, the temperature rose more than 1 K when
the frequency exceeded 5 Hz. However, there was no temperature rise at
the surface of the specimen at any frequency. Fatigue tests were carried
out at a frequency of U4 Hz for titanium alloys.
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Fig. 9. Dependence of temperature
increase on frequency in
the fatigue test.
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S~-N Curves

In Figure 10 a) and b) are the results of maximum stress vs. the num-
ber of cycles to failure (Nf) curves for smooth and notched specimens, base
material and weldments. An interesting result was found for crack initia-
tion of smooth specimens at 4 K: The crack initiated at the surface of the

specimen at higher stress, but at the interior of the specimen at lower
stress.

Figure 11 shows the distance of the crack initiation site from the
surface as a function of maximum stress. The crack initiation site moves
inside as the stress is lowered. The photographs in Figure 12 show the
crack initiation site tested at 77 K and 4 K. Both maximum stresses are at
a similar ratio to the yield stress of each temperature. The crack initia-
tion site at 77 K is always located at the surface. The site at 4 X moves
inside with an increase in the stress.
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Fig. 11. Crack initiation.

Fig. 12. Crack initiation in fracture surface
a) at 4 K, 980 MPa;
b) at 77 K, 833 MPa.

CONCLUSIONS

The present fatigue test machine with its closed loop recondensation
system enables long-term fatigue tests at liquid helium temperature without
an additional supply of liquid helium. A fatigue test of more than a week
(2 x 10° cycles) could be carried out and continued for a longer period by
an efficient exchange of specimens. A total continuous operation time of
about 500 h has been achieved.
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Synopsis:

A new type of cryogenic temperature fatigue testing machine was installed in 1983 at the

National Research Institute for Metals, Tukuba Laboratories. This machine is featured by the co-

ntinuous operation at 4 K without replenishing liquid helium. A closed-loop helium recondensation

system enables a long-term f{atigue test at 4 K longer than 1,000 h. The total operation time reached

5,500 h in these seven years.
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NRIM, Tsukuba.

Table 1 Specifications of apparatus.

Compressor
Type
Flow rate

Outlet condition

Refrigeration system
Refrigeration cycle
Delivery of coolant

Refrigeration capacity

Fatigue test machine

Maximum load

Type of load

Frequency

Reciprocation
300 Nm®/h
300K, 1.7 MPa

Claud-cycle with recondenser
Helium-mist of 4.4K, 0.11 MPa
Minimum 20 W at 4.4 K

Dynamic %50 kN

Static =75 kN
Symmetrical reversed load
0.01-50 Hz
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Table 2 Result of continuous operation of fatigue testing systems.

Period tmesy|  Materials | oneampron O | Comsumption of | Number of
D 1983.10.18-11.1 336 Ti-5 Al-2.5 Sn(ELD 500 6, 360 5
@ 1983.12.13-12.19 154 Ti-5 Al-2.5 Sn(ELD 200 2,000 5
3 1984.5.7-5.15 202 Ti-5 Al-2.5Sn(ELD) 150 3,710 5
@ 1984.5.21-5.28 173 Ti-5 Al-2.5 Sn(ELD 200 3,110 5
() 1984.10.16-11.4 464 A 286 200 7,450 12
® 1985.4.3-4.20 416 A 286 200 8, 260 10
@ 1986.1.17-3.1 1,000 Ti-6 Al-4 V(ELD 400 20, 800 20
1986.10.6-10. 28 500 Ti-6 Al-4 V(ELD 300 13,770 12
(® 1987.1.26-2.18 540 Ti-6 Al-4 V(ELD 300 9, 480 12
1988.2.4-3.5 700 SUS316 LN 300 12,370 15
@ 1989.2.1-3.2 686 25 Mn, 32Mn 300 13,000 15
@ 1990.2.20-3.5 320 Fe-Ni-Mn-Cr—Ti 200 6, 630 7

Total 5,491 — 3,250 106, 940 123
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Fig. 9 Change in liquid helium consumption
per specimen(top) and per hour (bottom)
at every operation.
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Synopsis:

Significant temperature rise occurs in specimen during mechanical tests at liquid helium temper-
ature. We carried out measurements and an analysis of specimen temperature rise in order to get
appropriate testing conditions during constant amplitude stress and strain cycling tests in liquid
helium on typical austenitic stainless steels, titanium alloy and OFHC Cu. The magnitude of temper-
ature rise increased with the increase of the test frequency and the strain range. The obtained
testing conditions from specimen temperature measurements are as follows: i) In load-controlled
fatigue tests, for tension-tension mode; less than 5 Hz at a stress level of lower than yield strength
and less than 1 Hz at a stress level of higher than yield strength. For tension-compression mode;

less than 1 Hz at a stress level of lower than yield strength and less than 0.1 Hz at a stress level

of higher than yield strength. ii) In strain-controlled fatigue tests, less than 4X107%s

strain level.
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Table 1 Chemical composition of the steels tested in this study (wt. %).

C Si Mn P S Ni Cr
SUS 304 L 0.016 0.67 1.52 0.027 0.009 10.03 18.24
SUS 3108 0.04 0.79 0.93 0.020 0.001 19.20 25.18
SUS 316LN  0.019 0.50 0.84 0.025 0.001 11.16 17.88 0.18

Ti-5 Al-2.5 SnELI 0.012C, 0.19Fe, 0.0024 N, 0.057 0O, 0.0058 H, 5.15 Al, 2.66 Sn

Table 2 Tensile properties of the steels.

Temperature  0.2% Yield Tensile Elongation Reduction

Material strength strength in area

(K) (MPa) {MPa) (%) (%)
SUS 304 L 4 294 1,631 43.6 54,6
SUS 3108 4 783 1,302 63.4 53.4
SUS 316 LN 4 1,072 1,697 54.7 60.1
Ti-5 Al-2.5 SnELI 4 1, 405 1, 484 — 20
OFHC Cu 4 374 481 — -
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Fig. 1 Specimen size and location of thermo-
couples: (a) for load-controlled test,
(b) for strain-controlled tests.
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Fig. 2 Specimen temperature rise for SUS310S as a function of frequency and stress

ratio during fatigue test:

100
o) 304L
%/ R=0.01
o 10
.: ~~~~~~ Maximum|
g i minimum
E g’:}%)::
< -
5
B o1
.01 A 1 10
Frequency(Hz)
(a)

Fig. 3
ratio during fatigue test:

192

(a) tension-tension, (b) tension-compression.
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Specimen temperature rise for SUS304 L as a function of frequency and stress
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Fatigue Fracture of Ti-5A1-2.5Sn ELI Alloy at Liquid
Helium Temperature
Kotobu NaGAI, Toshio OcaTa, Tetsumi YURI, Keisuke ISHIKAWA,
Takashi NISHIMURA, Takao Mr1zoGgucHI and Yoshimasa ITO
Synopsis :

S-N curves of Ti-5A1-2.5Sn ELI alloy were determined at liquid helium temperature (4 K) for both

the base and the welded materials.

The base material had longer fatigue life at 4 K than at 77 K. Welding deteriorated the fatigue pro-

perty at 4 K.
material.
near the initiation sites.
ment.

Internal crack initiation was seen at the lower cyclic stress for both the base and the welded
For the base material, the internal initiation occurred only at 4 K and there were no defects
On the other hand, fatigue cracks generally initiated at blow holes for the weld-
Internal crack initiation is considered onc of the causes to scatter or shorten the fatigue life.

High frequency brought about large temperature increase inside the specimen and it made the testing
temperature uncertain in fatigue tests at cryogenic temperature.
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Table 1. Chemical compositions of base material and weldment in weight percent.

C Fe N 0 H Al Sn Ti

Base 0.012 0.19 0. 0024 0. 057 0. 0058 515 2. 66 bal.

Weldment 0. 008 0.2 - 0. 102 0. 0040 513 264 bal.
Table 2. Tensile properties of Ti-5Al-2.5Sn ELI o
hS

alloys at cryogenic temperatures.

Base material Weldment
Testing temperature (K) 293 77 4 4
Yield strength (MPa) 705 1209 1 405 1368
Tensile strength (MPa) 772 1277 1 483, I 459
Fracture strain (%) 14.6 15.3 9.9 6.7
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Fig. 1. Configrations of fatigue specimens:
a) hourglass type smooth specimen, b) not-
ched specimen (K;=5.7), and c¢) specimen
for temperature measurement.
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Fig. 2. Temperature increase inside specimen as
a function of frequency at various cyclic stress
level.
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FEH 3 X OREEM O XM ERE K% Photo. 1 (a),
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i3, Fe OELLII I 7 v vEEOMRI LD B2
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Photo. 1.
X-ray image of Fe (d) for base material and secondary electron image of the same
field of view (c).

Optical micrographs of base material (a) and weldment(b). Characteristic
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Fig. 3. S-N curves at cryogenic temperatures

for Ti~5A1-2.5Sn ELI alloy.
Table 3. Testing conditions, numbers to failure
and crack initiation sites.

Testing . R
tem per S/lirae);‘smum Frequency l{\;i‘;umrgers © Slriili(ﬁiu n
a(lixzr)e (MPa) (Hz) (Cycles) site
Base |
maleria
1) Smooth 77 833 4 146 140 surface
77 931 4 109 004 surface
77 980 1 74024 surface
77 1078 4 38163 surface
77 1127 1 13910 surface
77 1225 1 17 905 surface
77 1225 1 10 890 surface
4 882 4 529 820 internal
4 980 4 558 060 internal
4 980 4 232 380 internal
4 1078 4 852 630 internal
4 1176 10 33922 internal
4 1274 4 146 840 internal
4 1372 4 14 098 surface
4 1 421 4 14 437 surface
2) Notched 4 294 4 1 981 070 surface
4 323 4 1723780 surface
4 353 4 518 160 surface
4 392 4 36 990 surface
4 421 4 57 790 surface
4 451 4 22520 surface
Weldment 4 686 4 2530 850 blow hole
4 784 4 1250 240 internal
4 882 4 359 427 blow hole
4 980 4 20 430 blow hole
4 1078 4 12 652 blow hole
4 1176 4 37010 surface
e near
4 1274 4 9302 surface
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Photo. 2. Scanning electron micrographs of fatigue crack initiation sites at various cyclic
stress level for the base material ruptured at 4K: a, d) 882MPa, b, e) 1078MPa, and

c, f) 1372MPa.
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Fig. 4. S-N curves at 4K for weldment. The
S-N curve of base material is also given for
reference.

M OGRS DK 99% TH DA, R 85%
Thbh, BEHOENERIEN XY 3452 Tw5 EH
Widhs.

Photo. 4 \3¥EH O E MUREREHDO SEM &
HTHb WEHCROCTHESREHINT, EHON
MABENRDLIhB X5 s. Lnl, TORMELE



646 g L 6

% 72 42 (1986) & 6 2

Photo. 3. Scanning electron mi-
crographs of striation zone (a)
and final fracture zone (b) for
the base material ruptured at
4K (maximum stress=1274MPa).

Photo. 4. Scanning electron micrographs of fatigue crack initiation sites for weldment
ruputured at 4K: a, d) 686MPa, b, ¢) 882MPa, and c, f) 1274MPa.
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Fig. 5. Variation of distance from surface to
crack initiation site by maximum stress for
base material ruptured at 4K.

DTN BTEEME S B A%, LReEi & Ago®EAm T, W
IO BRI L & o

4K R\ W THHRBRA AR L EHCBEEEY D), £
DEREZIEEINEEEAEVLZ Y, 2-2 fiC
WRte. REORE BV &, RG220
W, BRI VU DVHRANCAE < 7o b NE TR, BiEE
I FIRT o binhs. ThaNBREERRETS
TRE B L, BEZMRERNIAE W EKX
T, BicE L T Fig. 5 L& o>
BT5Z&inies. iEYREBIRGMEICHCSEE
THY, WA MORESTN, KIS L¢Lo
REFIZE e K & B RUSTATRE b E L bh b,
Pl X o, X8540 4K wkid s #Y X2RH
FADOWTEL, TOBBEMEROMCHIAT S Z &k
oY, 4%, BEYBREABCOVCTELWERNE
THh-

5. & )

BAER ARG & UCR N/ Ti-5A1-2.55n ELT &
ST, KRB BT D E~Y v AR
1 (4K) siF A S-N %, Bk XUBEE Tk
Wise AENE 108 4 7 AFiRE T T —- 2 %B, BT
kN5 X 5 IS RAE Hhte.

B0 4K wxiFaEFHFmL 77K I R T
WhH. LaL, EIihilcr, 39 23R ARHBA N
WCFHAET S L5 bZ L ERIELT, BERaoEbo
XA XL s WEMO 4K Wk B IEHHFMIL,
BHIobsy, o TTK BELRS. hil, B
BEBHIC 7 v — ik~ VEONIRR AL S BRI A X
n, TheEREEAET IS D THS. B,
ARG, BRISHBSK TR VS WE TH



648 - B oL M 72 4 (1986) K6 %
B, FHOBEB LI A LS A =— 2 VRSN Fracture Behavior of Titanium, ASTM STP 651

FEME D, BREENCES. REEENECE, F2
VA & O BASIR W TR 2 REE S e

Fio, AP EC, HRBMER RS ol
EREE LB L, 7 — 2B 5 REBRIRE Y A E
T AHEREE LI Lic. Zhut, SE0 BIERE
hRRC T 2EEREEAL LS.

B, APREYBTTHEHch WHEE, #Ev
ol WicERBRIC B BAloBAY R L 3 &M
BERBEMRBIE 7 v — SR IINKRERATIRE B
HWSEATR), FPEBRK, PEBRHEKR, FETH
BHATEERFRAIAR, IUARHEK, I X O SRR ik HI B
FETEPE SR, BMESR v —METIK, KeH8
WEOFERILE { OIREHI i F LA
B R L B g7

x fik
) "ilEA, FREZR: BFR&E¥44H, 20
(1981), p. 692
2) M. I McHEenrY: Materials at low temperatures,

ed. by R. P. Reep and 4. F. CrLark (1983),
p. 371 [American Society For Metals]

3) wE #F: BB, 31 (1980), p. 625

4) R. G. BroapweLL and R. A. Woopn: Materials
Research & Standards, 4 (1964), p. 549

5) J. L. Curestian, A. Huruich, J. E. CHarey
and J. F. Watson: Proc. ASTM, 63 (1963),
p. 578

6) J. L. Suannon, Jr. and W. F. Brown, Jr.:
Proc. ASTM, 63 (1963), p. 809

7) R. H. Van Stone, J. R. Low, Jr. and J. L.
SuannoN, Jr.: Metall. Trans.,, 9A (1978), p.
539

8) R. H. Van Srong, J. L. .Suannow, jr., W. S.
Pierce and J. R. Low, Jr.: Toughness and

9)

10)

11)

12)
13)
14)
15)

16)

17)

18)
19)

20)

21)
22)

23)

(1978), p. 154 [ASTM]

C. F. Frrrar, D. 4. Boustap and M. S. Misra:
L (1978), p. 3

T. KawasaTa, S. Morita and 0. Izumr:
TITANIUM ’80 Science and Technology,
Proc. of 4th International Conference on
Titanium, ed. by H. Kmura and 0. Izumr
(1980), p. 1617 [The Metall. Soc. of AIME]
R. F. ToBLEr and R. P. Reep: Advances in
Cryogenic Engineering, 24 (1978), p. 82
[Plenum]

K. Nacar1 et al.:  private communication
Aerospace Material Specification, 4909C(Sheet,
Strip and Plate), 4924C(Bars, Forgings and
Rings)

migek, HillEA, BEH & THEEH, f
BRHGTE, dmFIER: gk, 71(1985), p. 236
Mk, ANES, BH F KZHE 7
(1985), p. 1390

W. G. DossoN and D. L. Jounson: Advances
in, Cryogenic Engineering, 30 (1984), p. 185
[Plenum]

F. R. ScuwarTzBERG et al.; Cryogenic
Materials Data Handbook, AFMLTR-64-280,
vol. 1 (1970)

K. Nacal, K. Hiraca, T. Ocarta and K. IsHi-
kawa: Trans. JIM., 26 (1985) in press
HzvE D. Evion and T. 4. Harr: Metall.
Trans., 8A (1977), p. 981

J. Ruppen, P. Browar, D. EvrLoN and 4. J.
McEviLy: Fatigue Mechanisms ASTM STP
675 (1975), p. 47 [ASTM]
R. Caarr and T. §. DEeSisto:
8A (1977), p. 1017

D. F. NeaL and P. A. BLENKINSOP:
Metall., 24 (1976), p. 59

TEAR, AFEE: HEEBEY¥4H% 4
(1977), p. 933

Metall. Trans.,

Acta




Fatigue Fracture of Ti-5A1-2.5Sn ELI Alloy at

Liquid Helium Temperature®

By Kotobu NAGAIL** Toshio OGATA,** Teitsumi YURI** Keisuke ISHIKAWA,**
Takashi NISHIMURA,*** Takao MIZOGUCHI**** and Yoshimasa ITQO****

Synopsis

S=N curves of Ti-SAL-2.58n ELI alloy were determnined al liquid
helium temperature (4 K) for both the base and welded malerials.

The base malerial had a longer fatigue life at 4 K than at 77 K.
Welding deteriorated the fatigue properiies al 4 K. Internal crack inilia-
tion was seen at lower cyclic stress in both the base and the welded malerials.
For the base malerial, internal crack initiation ocurred at 4 K, and there
were no obvious defecls near the iniliation sites. On the other hand,
Jfatigue cracks gencrally inilialed al porosily in the weldment. Internal
crack initiation is considered one of the causes of reduced faligue life.

High cyclic frequency brought aboul a large temperature increase in the
specimen, making the lesling lemperalure uncerlain in faligue lests al
cryogenic lemperalure.

Key words:  alpha titanium alloy; liquid heliuvm temperature; faligne
life; welding ; fatigue notch factor; crack initialion sile; specimen lem-
perature increase.

1. Introduction

In recent years there has been increasing interest
in developing superconducting machines, such as
linear motorcars, superconducting generators, elc.,
for practical use. 1t is widely recognized that a pre-
cise evaluation of the propertics of cryogenic structural

materials is an important step for the development of

this new technology. In the present study, the term
“ cryogenic ” is used to express the temperatures in
the vicinity of liquid helium boiling point (—269°C,
about 4 K). A titanium (T1) alloy is one of the candi-
dates proposed for use as a cryogenic structural
material for various applications.® The 11 alloy
yields an excellent specific strength® because of its
high strength and low specific gravity; the specific
gravity of Ti is about 55 9, that ol austenitic stainless
steel. Morcover, the alloy shows better properties
required for superconducting machine materials than
the austenitic stainless steel, that is, 1t has a low hcat
conductivity, a very low magnetic permeability, and
a high electric resistivity.

Good toughness is gencrally required for cryogenic
structural materials. In the Ti alloy, as the tem-
perature decreases, the strength increases but the
ductility or toughness decreases.® Because the duc-
tility or toughness of the T alloy is highly dependent
on the interttitial content,” an extra-low-interstitials
(ELI) level® is indispensable to good toughness. In
addition, « alloys which consist of an h.c.p. single
phase are thought to be more advantageous for cryo-

genic use than a+p or  alloys containing a b.c.c.
phase, since the « alloys do not suffer a large decrease
in ductility at low temperatures.¥ Among the «
alloys, Ti-5A1-2.58n ELI alloy is considered the most
favorable Ti alloy for cryogenic structural applica-
tions requiring high strength and high toughness.

Although the mechanical properties of the sheets
of this alloy at temperatures as low as 20 K have been
studied,?® the cryogenic data for plates or heavier
sections are not necessarily available.’%) In par-
ticular the latigue properties of this alloy at 4¢ K have
not been studied in spite of the necessity for the
assurance ol salety and reliability. The purpose of
the present study, therefore, was to determine the
latigue lile of the base and welded materials at 4 K
for the Ti~5Al-2.55n ELI alloy plate. In addition,
[ractographic observation was carried out to study
the previously unknown fracture mechanism in this
alloy at cryogenic temperatures.

II. Experimental Procedure

1. Testing Material and Specimen

A 1t ingot was melted by the Kobe Steel, Ltd.
using highly purc sponge Ti, and the ingot was hot-
forged and hot-rolled to 90 mm square bars. The
bars, which were used as the base material, were
mill-anncaled for 7.2 ks at 973 K and air-cooled.
The chemical compositions and the tensile properties
of the basc material are given in Tables I and 2,
respectively. The contents of Fe, O, and impurities
meet all the requirements for the ELI grade of the
AMS standards™ (No. 4924C; Fe<0.25 wt%, O<
0.12 wt%, Fe+0<0.32 wt%).

The weldment was made by joining 30 mm thick
plates cut [rom the bars with tungsten-inert-gas (T'1G)
welding.  The planes perpendicular to the rolling
dircction were joined together. The configuration
of the joint groove was V-shaped (60°) and multilayer
welding (> 10 passes) was conducted using autogenous
filler metal. 'The chemical compositions and the
tensile properties of the weldment are also listed in
Tables 1 and 2. The wcld metal also satisfies the
AMS standards for the ELI grade mentioned previ-
ously, despite its higher oxygen content.

Test specimen configurations are shown in Fig. 1;
the unnotched hourglass type was used for the base

* Originally published in Telsu-to-Ilagané, 72 (1986), 6/1-1',—i171rjapancsc. English version received on October 20, 1986; accepted in

the final form on January 16, 1987. @ 1987 1S1]

**  ‘Psukuba Laboratories, National Research Institute for Mctals, Sengen Sakura-mura, Nithari-gun, Ibaraki 305.
*%%  Materials Research Laboratory, Kobe Steel, Ltd., Wakinohama-cho, Chuo-ku, Kobe 651.
**%% Mechanical Engineering Research Laboratory, Wakinohama-cho, Chuo-ku, Kobe G51.
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Table 1. Chemical compositions of base material and weldment in weight percent.
C Fe N O H Al Sn Ti
Base 0.012 0.19 0.0024 0.057 0.0038 5.15 2.66 bal.
Weldment 0.008 0.21 — 0.102 0.0040 5.13 2.64 bal.
Table 2. Tensile properties of Ti-5A1-2.58n ELI alloys 10 T r ‘
at cryogenic temperatures. Ti~5A'l—2 E:SnELI '
Base material Weld- = Y. K)=140TMPa
ment 5
T T T @ stress range =
Testing temp. (K) 293 77 4 4 @ >S rang J
o (R=0.01) 0
Yield strength (MPa) 705 1209 1405 1368 51 U
Tensile strength (MPa) 772 1277 1483 1 459 £ 108? MPa
Fracture strain (9 14.6 153 9.9 6.7 o - I
racture strain (9) é g
O ‘
o / 970/O
a J
;‘;{ EO‘ /I —O_;O
R @ .
- — (e
Z 72
] Ol—mn— Z A—A 5 1 —an—
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(a) unnotched
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@ 0y 484
. f w84

—
45 ——— 25

130 d
(b) notched

i
|

T o
51 &
w
e |
130 {
(c) temperature
measurement

a) Hourglass type unnotched specimen
b) Notched specimen (K,=5.7)
¢) Specimen for temperature measurement

TFig. 1. Configurations of fatigue specimens.

material and the weldment and the circumferentially
notched type (stress concentration lactor K,=5.7) for
the base material. All the longitudinal directions of
the specimens are parallel to the rolling direction,
designated L-direction.

2. Fatigue Testing at Liquid Helium Temperature

The cryogenic fatigue testing system!'¥ was used
for the liquid helium temperature fatigue testing.
This system enables us to carry out a long term fatigue
test at 4 K until rupture without replenishing liquid
helium. The liquid helium level in a cryostat is
kept constant by recondensing vaporized helium gas
with the aid of a refrigerator. The testing machine
is a servohydraulic model with a dynamic load capac-
ity of #5t. A sinusoidal cyclic load with a stress
ratio R=0.01 was applied. The maximum measur-
able fatigue life in the present work was restricted to
around 10¢ cycles due to various limitations concerning
long term testing. For reference, the 77 K fatigue

1
Frequency(Hz)

Fig. 2. Temperature increase inside specimen as a function

of frequency at various cyclic stress level.

life of the unnotched specimen of the base material
was also studied.

Special attention must be paid to strain or deforma-
tion rate'®!% when mechanical properties are deter-
mined at cryogenic temperatures. Otherwise the test-
ing temperature may become uncertain,!%18) because
even a small quantity of heat generation can bring
about a comparatively large temperature increase
locally or wholly in the specimen due to very low heat
capacily at cryogenic temperatures. In fatigue test-
ing, the frequency is thought to be such an influential
To observe this effect, the temperature
increase in the interior and on the surface of the
hourglass type specimen was measured as a function
of [requency at some cyclic stress levels. An Au-
0.07%Fe¢ and Chromel thermocouple, located in a
hole drilled along the central axis as shown in Fig.
1(c), was used to measure the temperature discrepancy
with respect to liquid helium temperature; the couple-
tip was set at the minimum specimen diameter posi-
tion inside the hole, and the cold junction was placed
in the liquid. helium pool.

The results of the internal temperature increase
are shown in Fig. 2. A cyclic stress of half the yield
strength (stress range: 725 MPa) does not produce
a temperature increase even at 10 Hz. On the other
hand, a higher cyclic stress of two thirds (970 MPa)
or three quarters (1 088 MPa) of the yield strength
causes a significant increase in the internal tem-
perature. Based on these results, a testing frequency
of 4 Hz was chosen so that the temperature increase
should be as low as possible, especially in longer life
or lower cyclic stress tests. The maximum tem-
perature increase at the surface was 0.4 K, a smaller
variation than that in the interior. Because there

parameter.
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was no difliculty in a long term test at 77 K, and the
temperature increasc was negligible, the [requency
was chosen as 1 or 4 Hz at 77 K according to the
stress level.

The microstructure of the base material and weld-
ment were observed by optical microscopy. The
[atigue [racture surlaces were also examined by scan-
ning electron microscopy (SLEM).

III. Experimental Results

1. Microstructures

Optical micrographs of the basc material and weld
metal are represented in l'igs. 3(a) and (b), respec-
tively. The base material has an cquiaxed grain
structure with an approximately 30 um mean grain
diameter. There is no visual cvidence of second
phase particles; however, an XMA analysis shows
the existence of some fine Fe-rich particles ol several
micron diameter (Fig. 3(d)). According to lincar

XMA analysis, Fe was concentrated by a lactor of

five or more. This Ie-rich phase, belicved to be
a f3 phase,” was not actually identified in the present
study. The Fe-rich particles are seen mainly in the
vicinity of grain boundaries.

The weld metal has coarse prior 8 grains whose
diameter approaches 1 mm in the center of the fusion
zone. The prior 8 grain is composed of the marten-
sitic (Fig. 3(b)) or the Widmanstitten-like structure
quenched from the 8 region. The microstructure is
finer near the base material, but still coarser than
that of the base material. According to XMA
analysis, the Fe-rich particles were not obscrved, and
Fe was distributed uniformly in the weld metal.

2. Fatigue Properties and I'racture Surfaces of the Base
Material

The S-/N curves of both the unnotched and notched
specimens of the base material are given in Fig. 4.
The testing conditions are listed in Table 3. The

RPN

Fig. 3. Optical micrographs of base material (a) and weldment
(b). Characteristic X-ray image of Fe (d) for base
malerial and secondary clectron image of the same ficld

of view (c).

latigue lile data ol the unnotched specimen at 77 K
can be fitted to one curve without a large misfit, but
those at 4 K have considerable scatter, especially at
lower cyclic stress level. Nevertheless, the fatigue
lile at 4 K is longer than that at 77 K at all cyclic
stress levels; in other words, the present alloy has
superior [atigue propertics at lower temperatures.
F. R. Schwartz et al.'") reported the fatigue properties
of 0.lin. thick sheet ol a similar alloy (760 MPa
tensile strength at room temperature); they reported
fatigue limits: 820 MPa cyclic stress at 77 K and
890 MPa cyclic stress at 20 K (the lowest testing
temperature belore the present work). In the present
alloy, however, the [atigue limits could not be deter-
mined within the range studied. Although the com-
parison is not nccessarily valid due to a lack of
complete information about the handling history, the
latigue life of the present alloy is longer, at least at
77 K, than that of their alloy, and the 4 K [fatigue
life of the present alloy is also longer than the 20 K
fatigue life of their alloy.

The data for the notched specimen at 4 K {it well
to a single curve. Ior the present alloy the fatigue
notch factor K; (namely the ratio of the [atigue
strength o[ an unnotched specimen to that of a notched
specimen) is about 3 at 4 K with the stress concentra-
tion factor K, of 5.7. 'This indicates that the present
alloy has a comparatively low notch sensitivity.

Figure 4 shows 10 Hz data (indicated by ¢) for
1 176 MPa cyclic stress at 4 K.  As shown, the fatigue
life is obviously shorter for 10 Hz testing than for
4 Hz testing. According to Fig. 2, the temperature
increase is expected to be fairly large for 1 176 MPa
cyclic stress at 10 Hz. The shorter fatigue life at
10 Hz, which might be caused by the temperature
increase in the specimen, demonstrates that special
attention should be paid to the frequency in fatigue
tests at cryogenic temperatures.

Figure 5 represents the SEM photographs of the
fatigue crack initiation sites in the unnotched speci-

1500‘45“ T 8
K~
-y
DA
77k Nsz 4K
A (¢]

L unnotched\A\
77K

a1
o
o

—0

s
o ®

"
otched(Ky=5.7 o
bt o T

Maximum stress (MPa)

10° 10° 10°
Nf (cycles)

Fig. 4. S-/N curves at cryogenic temperatures for Ti-
5A1-2.58n ELI alloy.
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mens fractured at 4 K. At cyclic stress lower than
1 274 MPa, the fatigue crack initiates inside the

specimen and propagates radially; converscly at

Table 3. Testing conditions, numbers to failure and
crack initiation sites.
Testing Maxi- Fre- iy Crack
muin bers to initia-
temp. giress  AUENSY failure tion
=) (MPa) (Hzj (cycles) site
Base material
(1) Unnotched 17 833 4 146 140 surface
77 931 4 109 004 surface
77 980 1 74024 surface
77 1078 4 38 153 surface
77 1127 1 13910 surface
77 1225 1 17905 surface
77 1225 1 10890 surface
4 882 4 529820 internal
4 980 4 558 060 internal
4 980 4 232 380 internal
4 1078 4 852 630 internal
4 1176 10 33922 internal
4 1274 4 146 840 internal
4 1372 4 14098 surface
4 1421 4 14437 surface
(2) Notched 4 294 4 1981070 surface
4 323 4 1723780 surface
4 353 4 518 160 surface
4 392 4 36 990 surface
4 421 4 57 790 surface
4 451 4 22 520 surface
Weldment
4 686 4 2530850 Plow
10le
4 784 4 1250240 internal
4 882 4 35047 plow
ole
4 980 4 20430 Dlow
hole
4+ 1078 4 1gEsy Toow
wle
4 1176 4 37010 surface
4 1274 4 9302 near
surface
a,d) 882 MPa
b, e) 1078 MPa
c, f) 1372 MPa
Fig. 5.

Scanning electron micrographs of fatigue crack initiation
sites at various cyclic stress level for the base material

ruptured at 4 K.

Transactions ISIJ, Vol. 27, 1987 (379)

higher cyclic stress, the crack initiates at the specimen
surface and fans out. The fatigue crack initiated at
the specimen surface in the unnotched specimen
ruptured at 77 K and at the notch root for the
notched specimen at 4 K, regardless of the cyclic
stress level.  In other words, internal crack initiation
was characteristic of the 4 K fatigue rupture of the
unnotched specimens at lower cyclic stress. The
upper photographs of I'ig. 5, which show the magnified
vicinity of the initiation sites, indicate no defects such
as inclusions or cavities at the initiation sites. In
addition, second phase particles or segregation were
not observed. The internal initiation sites featured
only the cleavage-like facets, arrowed in Fig. 5, with
a high angle of inclination to the fracture surface;
these facets were also often observed around the sur-
face initiation sites.

Irrespective of the initiation site, the fatigue frac-
ture surface in the immediate vicinity of the initiation
site 1s highly sensitive to microstructure and flat with
a size corresponding to the grain size as seen in upper
Iig. 5. In the region more than 0.4 mm away from
the initiation sites, [lig. 6(a), striations are the main
microscopic [eature indicating crack propagation.
In the final fracture region, the * groove” [racture

Lo t) )

(sl Rrgr=]

I'ig. 6. Scanning electron micrographs of striation zone (a)
and final fracture zone (b) for the base material

ruptured at 4 K (maximum stress=1 274 MPa).
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surface, which was named by some of the present
authors,’® is mainly observed at 4 K, as seen in Fig.

6(b).

3. Fatigue Properties and Fracture Surfaces of the Weldment

The S—N curve of the unnotched specimen at 4 K
for the weldment is given in Fig. 7. The testing
conditions are listed in Table 3. As with the base
material, the fatigue limit could not be determined
within the range studied. The scatter of the fatigue
life data is fairly large. By comparison with a broken
curve in Fig. 7 showing the S-VN curve of the base
material, the 4 K fatigue life of the weldment is shorter
than that of the base material at all cyclic stress levels
and almost equal to the 77 K fatigue life of the base
material. Judging from the fact that the fatigue
strength ratio of the weldment to the base material
is about 0.85 with the tensile strength ratio of 0.99,
the fatigue behavior of the weldment is concluded to
be poorer than that of the base material.

Figure 8 represents the SEM photographs of the
vicinity ol the fatigue crack initiation sites for the
weldment. Internal initiation is also seen at lower
cyclic stress. In this case, however, the [atigue
cracks initiate at microvoids of approximately 100 m
diameter which are readily visible in the magnified
photographs in Fig. 8. Grain boundaries are evident
on the internal surfaces of the microvoids. Con-
sidering that such voids were not observed in the base
material even under the same testing conditions,
these voids are regarded as porosity introduced during
welding. However, they werc not detected prior to
{atigue testing through screening tests or microscopy.
When initiation occurred at the porosity, the [atigue
crack did not necessarily initiate in the minimum
diameter section of the hourglass type specimen. In
an extreme case the specimen fractured in the section
5mm away from the minimum section. This indi-
cates that the number of pores is very small since the

150015

51000
2
(2]
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2
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10* 10°
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Fig. 7. S-N curves at 4 K for weldment. The $-N
curve of base material is also given for refer-
ence.

failure occurred in a section where the stress is
reduced by approximately 15 9,. If pores were
present throughout the fusion zone, the crack initia-
tion would probably have occurred in the smaller,
more highly stressed section. This result also demon-
strates that the porosity facilitates crack initiation and
thus reduces fatigue properties. Strictly speaking, in
these cases the cyclic stress value must be corrected
for the area of the [ractured section. However, since
the [ractured section was ordinarily situated within
2 mm of the minimum section and the stress decrease
was at most 3 % within this range, only the stress
values calculated [rom the minimum section area are
shown in the present paper.

Figure 8(c) shows facets which seem to intersect
some kind of interface at the surface initiation site.
This indicates the weldment has some kind of delects
like porosity which may act as stress concentration
sites and bring about poorer fatigue properties com-
pared with the base material.

The change of the fatigue fracture surface of the
weldment from initiation to final failure was similar
to that of the base material; that is, the fracture sur-
[ace in the vicinity of the initiation site had the
microstructure-sensitive facets and, as the crack
propagated, the striations became more dominant
until the f(inal failure.

IV. Discussion

The internal initiation of the fatigue crack in the
weldment is obviously due to porosity which acts as
stress concentration sites. There are many instances,
especially in sintered Ti alloys,'® of internal fatigue
initiations in which the specified defects can be
recognized as initiation sites. There are also some
reports!®=22) of internal initiation in which no par-
ticular delects can be identified as initiation sites, as
in the case of the internal crack initiation of the base
material reported here. In the latter case, based

a, d) 686 MPa

b, e) 882 MPa c,f) 1274 MPa

Fig. 8. Scanning electron micrographs of fatigue crack initiation

sites for the weldment ruptured at 4 K.
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Fig. 9. Variation of distance from surface o crack initiation
site by maximum stress for basc material ruptured
at 4 K.

upon the fact that cleavage-like facets were observed
in the vicinity of the internal sites and lower stress
promoted the internal initiation, the following is
proposed as an initiation mechanism. Because the
prismatic slip system is dominant and other systems
(pyramidal and basal) arc rare at lower stress in h.c.p.
phases, the delormation becomes inhomogeneous.
Accordingly, the stress concentrates locally at the
intersection between the prismatic slip plane and
some lattice defect, and this produces a cleavage
microcrack? in an « or 8 phase which is presumed
to be a fatigue crack initiation site.

However, this hypothesis does not fully explain
the fact that the fatigue crack initiates inside the
specimen. Tor example, Fig. 9, in which the dis-
tance from the initiation site to the nearest surface
is plotted as a function of the maximum cyclic stress,
indicates that as the cyclic stress is reduced the initia-
tion site moves {rom the surface toward the center of
the specimen. The above-mentioned hypothesis does
not account for this phenomenon; the theory only
suggests the possibility of internal initiation.  In addi-
tion, cleavage-like facets were observed even in the
case of surface initiation as mentioned previously.

In the present alloy, internal initiation occurred
only at 4 K. Since more deformation twins?® form
at lower temperatures, the microcrack® might initiate
at the intersection between the twin interface and the
slip plane. Even if the deformation twin is involved
in the internal crack initiation, however, the occur-
rence of internal initiation also can not be explained
by this mechanism for the same reasons mentioned
above.

As mentioned in Sec. II. 2, a temperature gradient
can exist inside the specimen, especially at high
cyclic stress.  This suggests that the interior can be
more damaged at the same stress than the area near
the surface because of a comparatively lower strength
level due to higher temperature. This phenomenon
may facilitate internal crack initiation. However, at
first glance this would apparently explain the reverse
trend to the result of Fig. 9, since the temperature
difference becomes larger at higher cyclic stress.
But because the fatigue damage process is a long term
phenomenon, the possibility that the temperature

Transactions ISIJ, Vol. 27, 1987 (381)

gradient inside the specimen may largely influence
the stress distribution and its chronological change
might be taken into consideration.

V. Conclusions

For the Ti-5A1--2.58n ELI alloy, a favorable struc-
tural material for cryogenic use, the S-N curves of
both the base material and weldment were studied at
4 K for the first time. In the present paper, the
lollowing results were obtained within the cyclic
range of approximately 108.

In the base material, the fatigue life at 4 K was
superior to that at 77 K. At lower cyclic stress, the
scatter in the fatigue life data became larger in
accordance with the occurrence of internal crack
initiation. In the weldment, the fatigue life at 4 K
was shorter than that of the base material, and it was
nearly equal to the fatigue life at 77 K of the base
material.  This deterioration is due to the detrimental
cflect of defects like porosity which were produced
in the weld metal on welding.

The fatigue fracture surface in the vicinity of the
initiation site was sensitive to microstructure, Stria-
tions became more evident as the crack propagated,
and then the final failure occurred. In the final
failurc zone, the groove fracture surface,'® which is
characteristic in the Ti alloy at cryogenic temperature,
was observed.

The present study points out the possibility that
a high f{atigue frequency may bring about specimen
heating and finally make the testing temperature
uncertain. This effect must be considered in cryo-
genic fatigue testing herealfter.
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Tensile, fracture toughness, and high cycle fatigue tests were done at 293, 77, and 4K for Ti-6AI-4V
alloys with three levels of oxygen content. The alloys were investigated both in as-forged condition and in
the rolled condition. Rolling did not necessarily make « grains finer, but changed the shape from plate-like
to globular. Strengths depended mainly on the oxygen content; the lower content produced lower strengths.
The alloy with low8st oxygen content showed the best ductility at 4 K. The fracture toughness at cryogenic
temperature was also enhanced by the reduction of oxygen. In the lowest oxygen alloy, no -drop in the
fracture toughness was observed between 293 and 4 K. Fatigue properties were influenced by the forming
process. The rolled materials had higher fatigue strength than the forged materials. The difference was
accentuated at 4 K. This is believed to be due to the difference in the morphology of « grains. The lowest
oxygen alloy showed the highest fatigue strength at 4 K.

KEY WORDS: titanium alloy; Ti-8Al-4V alloy; yield strength; elongation; fracture toughness; high cycle
fatigue; cryogenic temperature; microstructure; processing; oxygen content.

tensile properties, fracture toughness, and high cycle

1. Introduction fatigue properties of a Ti-5A1-2.58n ELI (Extra-Low-

Recent R & D projects based on superconductivity and Interstitials) alloy.* The reduction of oxygen content
cryogenics have a wide range of engineering applications yielded the high fracture toughness at 4 K. According-
like magnetic levitation car, electromagnetic thruster ly the Ti-5AI-2.5Sn ELI alloy showed an excellent
(ship), and superconducting generator, etc. For cryogenic combination of yield strength and fracture toughness at
structural materials, a high fracture toughness as well as 4K and an increased fatigue strength at lower tem-
a high yield strength has been essentially required.? In perature.
addition, a good fatigue strength is also needed for the Ti-6Al1-4V alloy is one of the most popular Ti alloys
new technologies,® since the machines experiences and used in varieties of applications. The alloy has a
stop-run load cycles and they often have “moving” higher yield strength than the Ti-5Al-2.58n alloy.
components. And further some other properties are However, few were studied on the cryogenic mechanical
potentially demanded for better heat insulation and more properties.®) Therefore, the basic objectives of the present
sound operation under high magnetic field (static or study were to determine the cryogenic mechanical
alternate). properties of the Ti-6Al-4V alloy in tensile, fracture

Titanium (Ti) alloy has many advantages for the toughness, and fatigue tests.
cryogenic applications. Its low specific strength, strength- It was reported the low temperature fracture tough-
to-gravity ratio, and high yield strength are very ness was fairy low in the Ti-6A1-4V alloy.® The room
favorable for high efficiency of the “moving” machines. temperature f{racture toughness alloy depends on met-
And further, the alloy is more blessed with the low allurgical factors like purity and microstructure.”® But
thermal conductivity, the extremely low magnetic how the low temperature toughness can be controlied
permeability and the high electric resistivity,” compared has yet to be made clear. Hence in the present study, the
with austenitic stainless steels. These should be more effects of the purity on the cryogenic mechanical prop-
appreciated as the merits of Ti alloy for cryogenic erties of the Ti-6Al-4V alloy were mainly focussed
structural use. and, in addition, the effect of manufacturing process

Some of the present authors previously reported the was also studied.
© 1991 1S 882
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Table 1. Chemical compositions of Ti-6AI-4V alloys tested in the present study in mass%.

Alloy Al A Fe (6] N H C
Normal 6.34 4.23 0.199 0.135 0.0071 0.0053 0.011
ELI 6.23 4.25 0.200 0.104 0.0035 0.0032 0.011
SpELI 5.97 4.12 0.028 0.054 0.0019 0.0055 0.024
Table 2. Process of forging, rolling, and heat treatment for o~ © o

ach s - 3 Ve QO M14x2
each alloy. o & = ; 9 X & TR
I [ f J | I N2
Alloy Forging Rolling Heat § | - —]—— :
treatment ]9 ,____TTN
— — 25 —
Normal o+ f3 forging (75 x 85) R ,%‘0 P
-ro0+ f forging (70 x 70) o |
ELI a+f forging (115 x 120) «+ rolling 973K, 7.2ks 15 45 r—25 45
—a+ f forging (70 x 70) (28¢) Air cooled 130
SpELI B forging (1704)
—a+ f forging (70 x 70) Fig. 1. Specimen geometry of fatigue test piece. The minimum

2. Experimental Procedure

2.1. Test Materials

Three Ti-6A1-4V alloys with different impurity levels
were melted; namely a normal-grade one (Normal), an
extra-low-interstitial grade one (ELI),” and an extreme-
ly-low-interstitial grade one (Special ELI, abbreviated as
SpELIT here). They had different oxygen contents and the
nominal oxygen content was 0.15, 0.10 and 0.05 mass%.
In the SpELI alloy, iron was intentionally unadded
expecting a better toughness,® although 0.2% iron was
conventionally added in other two alloys. The chemical
compositions are listed in Table 1.

Each ingot was forged finally in a+ f region (1 173 K)
and it is called “forged material” in the present paper.
And then a part of the forged material for each alloy
was rolled also in e+ f region (1 173 K); it is called “rolled
material”. All the materials were finally heat-treated for
7.2ks at 973K and air-cooled. Some details of the
processing history are shown in Table 2.

2.2. Tensile Test

Cylindrical test pieces were cut parallel to the
longitudinal direction (L-direction) for both the forged
and the rolled materials. The gage geometry was 3.5 mm
in diameter and 20 mm in length. Tests were done at a
strain rate of 8.33 x 10~ *sec ™! using a screw-driven type
tester. The test temperatures were 293, 77, and 4 K. Yield
strength (principally 0.2 % offset stress), tensile strength,
elongation (fracture strain), and reduction of area were
determined by duplicate test.

2.3. Fracture Toughness Test

Compact tension.(CT) specimens with a thickness of
25 mm were machined so that the load axis was parallel
to the longitudinal direction of the forged bars and the
crack plane parallel to the short transverse. The rolled
material did not have the size enough for the CT
specimen. The fracture toughness, K;(J), was determined
by unloading compliance method!'® in accordance with
ASTM E813-81. The fatigue precrack with a length of
60% specimen thickness was introduced at room

883

watist of some specimens was 6 mm.

temperature. A servo-hydraulic test machine was used
and the time from zero load to maximum load was
between 5 and 10 min.

2.4. High Cycle Fatigue Test

Hourglass type unnotched specimens drawn in Fig. 1
were machined in the L-direction for both the forged
and the rolled materials. S-N curves at 293, 77, and 4K
were determined using the cryogenic fatigue test
machine.'! In obtaining the S-N curves, the estimation
of a million cycles fatigue strength (MFS) was intended.
The test machine was servo-hydraulic ‘and its dynamic
capacity was +50kN. Load control test was done in a
sinusoidal wave with a minimum-to-maximum load ratio,
R=0.01 at4Hz at 4K and at 10-20Hz at 77 and 293 K.

3. Results and Discussion

3.1

In the rolled material, the reduction ratio in section
areas was 7.9 times more than in the forged material.
Therefore, a finer and more homogeneous microstructure
was expected for the rolled material. Figure 2 represents
the SEM photographs of miscrostructures for the
materials tested here. The forged materials have lamellar
microstructure principally composed of elongated or
plate-like primary o grain and f (or transformed f)
platelet. The formation of “colony”, namely the region
in which « plates are aligned, is seen especially in ELI
and SpELI alloys. The mean width of « grain was 5.0,
4.0, and 1.9 gm in Normal, ELI, and SpELI, respectively.
In the rolled materials, the o grain and the J particle
become globular. The mean diameter of o gain was 4.0,
4.0, and 2.8 ym in Normal, ELI, and SpELI, respectively.

Rolling process did not always make o grains fine. The
Normal and the ELT alloys had almost the same o grain
size. The SpELI alloy had the finest microstructure, but
the reason is not made clear.

3.2,

Tensile properties are listed in Table 3. The lower the
oxygen content, the lower the yield strength. The rolled

Microstructure

Tensile Properties

© 1991 ISl
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Table 3. Tensile properties and [racture toughness of Ti-6Al-4V alloys.

. T Y:S TS ELN RA Kic(J)
Allo Processin 165
y & (K) (MPa) (MPa) (%) (%) (MPa,/m)
293 971 1007 13.8 46.1 59.9
Forged 77 1482 1573 12.1 35.7 35.1
4 1753 1 764 22 275 18.3
Normal
293 1017 1053 14.6 41.3 —_
Rolled 71 1590 1634 10.1 26.1 —
4 1865 1865 0.1 25.1 —
293 908 953 1.7 41.5 57.5
Forged 717 1447 1502 13.8 22.0 429
4 1705 1716 2 :
- | 272 449
293 961 1011 14.1 38.9 —
Rolled 77 1527 1576 13.5 273 —
4 1819 1819 0.2 27.4 —
293 856 891 12.9 40.8 61.8
Forged 77 1375 1427 12.2 38.3 59,2
4 1599 1599 5.3 J
SpELI 334 62.7
293 887 915 14.2 52.1 -
Rolled 77 1402 1438 12:2 37.9 —
4 1674 1674 23 37.3 —

T: Test temperature, YS; Yield strength, TS: Tensile strength, ELN: Elongation, RA: Reduction of area, K,c(J): Fracture toughness, —: Not

determined due to lack of thickness.

Fig. 2. SEM photographs of microstructure. The print planes are on the transverse section to the longitudinal

direction of bars.

material had higher yield strength than the forged one.
Yield strength and tensile strength increased with a
decrease in temperature as shown in Fig. 3. The room
temperature yield strength of Ti-6Al1-4V alloy varies by
the chemical composition and the heat treatment, and it
can be explained in terms of change in volume fraction
of « and o/, their hardness and « grain size.!? In the
present study, however, the yield strength did not show
a Hall-Petch type dependence on « grain size (Fig. 4(a))
except for the Normal alloy. The grain size dependence
might appear for the forged ELI and SpELI alloys if the
colony size is taken in place of o grain size. However,
the yield strength of the present alloys depended

© 1991 ISlJ

obviously on the oxygen content as seen in Fig. 4(b).
The ductility at 293 and 77 K did not clearly depend
on the oxygen content and the processing. At 4K, the
SpELI alloy had a higher ductility than others (see Fig.
7(a)). The elongation did not largely change from 293
to 77K, however, it dropped significantly at 4 K. On the
other hand, the reduction of area revealed no drop at
4K although it showed a slight decrease from 293 to
77K. In Fig. 5, the diameter changes of the gage length
at 293, 77 and 4 K are described for the {ractured tensile
test pieces of the forged SpELI alloy. This demonstrates
that the deformation at 4K was concentrated into a
necked region and other part did not deform plastically.
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At other temperatures, some amount of plastic de-
formation covered the gage length. In the stress—strain
curves at 4K, a characteristic phenomenon, so-called
“serration”, was usually observed. The serration,
discontinuous flow or plastic instability, at cryogenic
temperature is inherently localized or heterogeneous
plastic deformation due to an extreme lowness of heat
capacity and heat diffusivity in metals at cryogenic
temperature.!® The frequency and magnitude of
discontinuity depend on materials, strain rate, and so
on. Once a serration accompanying a small necking
occurs, the flow strength (load) in undeformed region
competes with that in the necked region. With an
adequate strain hardening, the flow strength in the necked
region is higher than that in the undeformed region.

2000 100
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1600 \n Rolled
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2 2
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2 8
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2] 5
% 15
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\ Rolled
§500 [ P i mi e e

g oo ~—f§ ]
~ Y5 &
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1000 5
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= K]
& i
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Test Temperature / K

Fig. 3. Temperature dependence of tensile propertics.

However when the strain hardening is small, the next
serration (necking) occurs in the already necked region
one after another. In that case, no plastic deformation
takes place in the unnecked region. Thus it can be
concluded that, in the Ti-6Al-4V alloy, the deformation
localization in a small part of the gage length is ascribed
to an apparent drop in elongation at 4K, since the
elongation is determined by the ratio of the extension to
the initial value of whole gage length.

3.3. Fracture Toughness

Figure 6 shows the temperature dependence of the
fracture toughness, Kic(J) in the forged alloys. In the
Normal alloy, the decrease in fracture toughness from
293K to 4K is 40 MPaJﬁ, however in the SpELT alloy,

2000
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o i | 4K
@\
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z R e S—
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& 1000 |—gmmQ—
o g o_
< 203K
500
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§ 1500 |~ — ]
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£ 77K
f g
£ 1000 g
s 3natd R R MR S et
2 ol ——18
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Oxygen Content / mass%

Fig. 4. Reclationship between yield strength and (a) mean «
grain size and (b) oxygen content.
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Fig. 5. Gage diameter distribution of the fractured tensile test pieces of forged Ti-6Al-4V SpELI alloy.
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on the contrary, no drop is seen.

Compared with the Normal alloy, the fracture
toughness of the SpELI alloy is only 2 MPa,/m (5%
improvement) higher at 293K but 45MPa,/m (240 %
improvement) higher at 4K. Thus the reduction of
oxygen content brought about a remarkable improvement
in the low temperature toughness of the Ti-6Al-4V alloy
as demonstrated in Fig. 7(a). The elimination of iron in
the SpELI alloy is believed to assist this improvement.®
The fracture toughness generally decreases inversely to
an increase in the yield strength.® Figure 7(b) shows the
interrelationship between yield strength and fracture
toughness for all the temperature data of three alloys.
Either when the temperature varies in each alloy except
the SpELI alloy or when the impurity varies in a given

© 1991 1Sl
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temperature except 293K, the fracture toughness
decreases almost linearly with an increase in yield
strength. In various types of Ti alloy, the slope of linear
correlation is about —0.2 at 4K, which is also fitting
for the present result. In this sense, it might be said that
the fracture toughness at 4 K was improved by softening
due to the reduction of oxygen content. But the same
explanation cannot be made for the 293K data. One
evident conclusion is that the reduction of oxygen content
depresses the deterioration of fracture toughness at low
temperature. This is quile analogous to the effect of
carbon in ferritic iron on the low temperature brittleness.
However the fracture surfaces of all the materials were
covered principally with small equiaxed dimples (several
um in diameter) at every temperature and no brittle
failure occurred. Only Tobler reported an abrupt
transition of fracture toughness at cryogenic tempera-
tures in a Ti-6A1-4V ELI alloy® and he explained it by
a ductile-to-brittle transition without any evidence of
brittle fracture. However, the fracture mode at cryogenic
temperatures is not brittle and the abrupt transition is
not a common phenomenon in Ti-6Al-4V alloys'®
including the present alloys.

One evidence which may explain the effect of oxygen
content on the fracture toughness is the increased crack
propagation resistance with a decrease in oxygen content
even at 293 K. The increment in J-integral per crack
extension, AJ/4a, estimated from R-curves in fracture
toughness tests was 3.4, 10.3, and 17.9 MN/m? for the
Normal, ELI, and SpELI at 293K, respectively. The
similar trend was also observed at 77 and 4 K. Horiya
et al. explain the mechanism that an increase in crack
extension resistance brings about an improvement in
measured fracture toughness.!® However, how the crack
extension resistance is enhanced by the reduction of
oxygen content should be studied more in details.

The present result showed the reduction of oxygen
content down to as low as 0.05 mass% brought about
the excellent fracture toughness at 4 K as well as at RT.
Less oxygen content is considered to be very hard to
produce practically. If higher fracture toughness is
required, how to increase the room temperature fracture
toughness must be first considered. Heat treatments, i.e.
optimized f treatments, yielded a high fracture toughness
at 4K of the same level at room temperature in
Ti~6Al-4V alloys,'* however the improved fracture
toughness did not depend much on the oxygen content.
In Ti alloys, for example, the Charpy absorbed energy
of over 100J was introduced only when large equiaxed
dimples (several 10 um in diameter) were major in the
fracture surfaces. Hence, changing the fracture mode
into more ductile one, although it has yet to be elucidated,
may be a possible way to enhance the {racture toughness
more.

3.4. High Cycle Fatigue Property

All the S-N curves obtained in the present study are
described in Figs. 8 to 10. In these materials, two kinds
of fatigue crack initiation site were observed. One was
conventionally at the specimen surface, and the other
was in the specimen interior. SEM photographs of the
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latter cases are presented in Fig. 11. In Figs. 8 to 10,
therefore, the crack initiation sites are classified into
“Surface” or “Internal”. The internal fatigue crack
initiation in the present alloys is discussed in details
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elsewhere.!®

3.4.1. Effect of Test Temperature

Temperature decrease produced an increase in
strength, and generally it is said that the fatigue strength
is proportional to the tensile strength. Hence a simple
analogy leads to a speculation that the fatigue strength
is increased at lower temperature. It is obviously true for
the rolled materials irrespective of the oxygen level; the
SN curves shift to higher stress level at lower tempera-
ture and they are almost parallel. In the forged materials,
on the other hand, there is nearly no gap between the
S-N curves at 77 and 4K. The S-N curve at 293K
was obtained only for the Normal alloy. In the regime
of shorter fatigue lives, some gap in the S-N curves is
observed between 293 and 77 or 4K, however the gap
becomes narrower as the number of cycles to failure
increases and the S-N curves are supposed to overlap at
around 5 million cycles.

In Fig. 12, one million cycles fatigue strength (MFS)
is plotted as a function of test temperature. As far as the
MFS is concerned, the MFS increases with a decrease
in temperature and the rolled material is superior to the
forged material at all the temperatures. Especially at 4 K,
the difference in the MFS between two materials is
distinctly large.

3.4.2. The Effect of Strength Level

Ratio of yield strength to tensile strength was higher
than 95% at all the temperatures for three alloys.
Therefore, the interrelation between strength and MFS
is described in terms of yield strength vs. MFS as in Fig.
13, since yield strength is one of the most important

© 1991 1SIJ
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Fig. 12. One million cycles fatigue strength as a function of
test temperature in the forged and the rolled materials.

1600 |

§ Ti-6Al-4V jreg g
% 1200 Rolled N
=

]

7

g 800 o > |
2 g

F &

g 400

°

o)

©0 A 1.0

o 0 |

- 0 400 800 1200 1600 2000

Yield Strength / MPa
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measures in the selection of candidate materials. Anyway
almost the same plotting was done when the tensile
strength was taken as an X-axis.

As seen in Fig. 13, the plots form two separate groups
when the processing is taken as a parameter. In other
words, the MFS of the rolled material is higher than that
of the forged material at a given yield strength. Roughly
speaking, either in the rolled material or in the forged
material, the MFS is proportional to the yield strength
over the temperature range investigated. And the de-
pendence of MFS on yield strength is less in the forged
material than in the rolled material. This corresponds to
the above-mentioned result in Fig. 12. Although more
detailed comparison leads to a different conclusion that
at 4K the SpELI alloys having the lowest yield strength

© 1991 IS
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Fig. 14. X-rays relative intensities of major peaks of o phase.

showed the higher MFS than other two alloys, this is
considered to be no major concern except the fact that
the SpELI alloy had the maximum MFS at 4 K.

3.4.3. Microstructural Factors and Fatigue Strength

Sommer et al. said that in the textured Ti-6Al-4V
alloys the alternating stress parallel to c-axis introduced
longer fatigue lives than that perpendicular to c-axis.?”
The alloys investigated here were also highly textured.
Fig. 14 shows the simplified X-rays analysis of texture,
namely X-rays intensities of three major peaks from
prismatic plane, (1010),, basal plane, (0002),, and
pyramidal plane, (1011), are shown in relative ratios to
normalized total intensity,

Ia(= 1/3(1(1010)a+1(0002)a+ 1/41(1011)a)

This equation is based on the assumption that the ratio
of the intensities is equal to 1:1:4 where the calculated
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ratio is 23.2:25.0: 100 for pure-Ti (Cu-Koa). Therefore
the maximum of relative intensity, I/1,, is 3.0 and the
larger I/I, shows the more preferred orientation. From
Fig. 14, it is concluded that all the materials have the
similarly textured microstructure in which the prismatic
plane is perpendicular and the basal plane is parallel to
the principal stress, that is, the c-axis perpendicular to
the principal stress. And the texture is further accentuated
in the rolled materials. Hence the difference in fatigue
strength between the forged and the rolled materials can
not be explained in terms of texture.

As explained earlier, a significant difference between
the forged material and the rolled one was observed not
in the primary « grain size itself, but in their morphology
of primary « grains. The internal initiation site in the
rolled material was globular and its size was several um
in diameter (Fig. 11(a)). In the forged material, the site
was composed of elongated facets and the width of each
facet was also several um (Figs. 11(b) and 11(c)). The
features of each facet correspond to those of primary «
grain both in the rolled material and the forged one.

The comparison of Figs. 11 (a) and [ {(b) demonstrates
the internal cracking at lower stress level at 4K in the
forged material than in the rolled one with similar
numbers of cycles for the ELI alloy. And in the forged
one, the internal cracking occurs at {urther lower stress
and the site size becomes larger (Fig. 11(c)). Some
reported that finer primary « grain size produced higher
fatigue strength.!® In the forged material, the primary
o grains in a colony are believed to be crystallographically
aligned and act as a single path for dislocation moving.'®
In that case, the mean slip length becomes several times
of primary « grain width in the forged material. In the
rolled material, on the other hand, the mean slip length
is considered to be of an order of single primary a grain
size. Accordingly, the forged material has a longer slip
length than the rolled material, which may introduce
higher stress localization and easier crack initiation at
the same applied stress and this leads to lower fatigue
strength.

From these consideration, it is concluded that the
significant difference in the fatigue strength was caused
by the morphological change in their microstructure. In
other words, the globular o grain microstructure
produces a higher fatigue strength than the micro-
structure in which plate-like or elongated « grains of the
same size form ‘‘colonies”.

4. Summary

The effects of oxygen level and forming process on
cryogenic mechanical properties were investigated for
Ti-6Al-4V alloys. The oxygen level was nominally 0.05,
0.10, and 0.15 mass%, and each alloy was called Normal,
ELI (abbreviating extra-low-interstitials), and SpELI
(special ELI) alioy, respectively. The alloys were prepared
bothin the as-forged material and in the rolled material.

(1) Mean primary « grain size of the SpELI alloy
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was smallest. Although rolling did not always produce
the finer o grain size, the process changed the morphology
of o grains. Namely the globular grains were obtained
in the rolled material in place of plate-like o grains
forming “colony” in the forged one.

(2) Both yeild and tensile strengths increased with
a decrease in temperature. The oxygen content de-
pendence of yield strength surpassed the grain size
dependence. The SpELT alloy had much better ductility
at 4 K than other two.

(3) Fracture loughness was also highly dependent on
the oxygen content. Reduction of oxygen suppressed the
drop oflow temperature fracture toughness. In the SpELI
alloy, the fracture toughness was in the same level at all
the temperatures.

(4) The fatigue strength of the rolled material was
superior to that of the forged one especially at 4 K. At
a given strength level, the former was higher than the
latter over the temperature range investigated. This is
believed to be ascribed to the difference in a grain
morphology.
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Mechanical Properties and Low Cycle FFatigue Strength at 4 and 300 K of

Welded Alloy AZ286
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Tetsumi URl,

Keisuke Istikawa, Sumio YOSIHOKA, Akio INOUE and Sadaioshi TAKAYANAGI

Synopsis:

The tensile, Charpy impact and fatigue properties of TIG welded alloy A286 have been investigated at 4

and 300 K.

The base material was forged plates of 35 mm thick of electroslag remelted A286 in which the
composition of minor elements such as C, Si and B was tightly controlled.

The plates were welded by us-

ing A286 filler metal without fusion zone hot cracking and HAZ fissuring except for a small amount of mi-

cro-defects dispersed in the weld metal.

The yield and tensile strengths, ductility and fatigue strength of

the weldment were lower than those of the base material owing to strain localization at the softened weld

metal zone.

The post-weld heat-treatment which consists of homogenization followed by aging restored the

lowered strengths, ductility and the fatigue strength of notched specimen near to those of the base material.
The absorbed energy at 4 K of the base material, weldment and heat-treated weldment was almost the same,
about 60 J. Though the micro-defects in the weld metal slightly decreased the ductility and absorbed ener-
gy, they did not cause any harmful effects on the yield and tensile strengths of the weldment and heat-

treated weldment.

The fatigue strength of smooth specimens after the post-weld heat-treatment was, how-

ever, sensitive to the size or the number of the micro-defects and the S-N data were dispersed among those
for the smooth specimens of the base material at 4 and 300 K.

Key words: iron-base superalloy; weld; post-weld heat-treatment; mechanical property; low cycle fatigue;

liquid helium temperature.
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P DAL SHE % ASTM B 7 & OIS SCHRY ™ 1
OFWM O F N &L TR, Rgeo EH i,
BHEOBESBRHCHRPEREhZRET L L s
5 C,Si BLU B AL EUTHL O EHTH
5,

HALTE ASTM A% 1 dei L, 50Kh ™' o @) T
1253 K (25 L€ 2h Itk Lo, vl&miads
O #E T 998 K (2 ik, 16 h IERI L TG L 2.
R L 2ol alB oo el 2 WA L € Fig. 1 R4
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base metal

(a) 57 passes for front side
(b) 15 passes for back weld after back chipping

NERL, 2mmg NEHEMMEE (Table 1) 2w T TIG
BRI oo WHESME, 20V, 100 A, ESE 1.7
mms”~ ! THY, Ar ko — IV FFRE L. Rl
DT, FMMEBNED 1/2 £T 22~25 SATHBPELT
Yoy otk BEME 15 2SREHL, BlakisE%
WHEL CEMOGENE 57 23R & L7z, BIEMORBIR
I 423K LT Th A, GBI Ik, G055,
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T he—us »ﬂLss =

120

(a) Smooth tensile specimen
(b) Notched tensile specimen
(c) Hourglass shaped smooth fatigue specimen
(d) Notched fatigue specimen

. . ~ T asti g conc ation { K b 1) is 2.99,
Flg. L Edge shape and bmld-up sequence for TIG T'he ehslfc stress gonuenfrd ion actox.f f for.( ) and (d) is 2.99
. Fig. 2. Specimen configurations (mm).
welding.
Table 1. Chemical compositions of base material and filler metal. ASTM designation for A 638 Grade 660 and
composition range of A 286 used in previous reports are also shown {(wt%).
C Si Ma P S Ni Cr Me \Y Al Ti B
Base material 0.016 0.11 1.19 0.005 0.003  25.59 14.37 1.44 0.24 0.26 2.04 0.0003
Filler metal 0.014 0.09 1.19 0.015 0.004  25.67 14.31 1.23 0.25 0.27 2.14 —
o 0.04 0.40 0.01 0.0! 0.001 24.9 14.2 1.2 0.22 0.16 2.00 0.005
Previous j { { j § i i i § j § i
reports 0.06 0.70 1.20 0.018 0.012  26.8 15.1 1.44 0.27 0.34 2.33 0.008
ASTM A 638 <0.08 <1.00 <2.00 <0040 <0.030 24;()0 13;5() 1.’00 ()‘sl() <0.35 l.‘g() 0_()80]0
Grade 660 27.00 1600 1.50 0.50 235 0.010
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Fig. 3. Vickers hardness profiles for weldment
and heat-treated weldment.

(a) Base metal (b) Weld metal (c) Recrystalized weld metal containing micro-defects. The micro-defects in
(b) and (c) are arrowed.

Photo. 1.

Optical micrographs of base and weld metal regions.
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Table 2. Tensile and Charpy impact properties at

4 and 300 K of base material(B), weldment(W) and
heat-treated weldment (HW),

T gTE o E
Material (K) (!&%‘é) (M"ga) (;) (%) (N‘;pt;) o'g/og (!il)

B 300 708 1069 29.7 42.9 1647 .54 60.2
4 932 1548 45.7 37.7 2000 .29 58.1

1

1
W 300 611 724 15.1 34.5 1261 1.74  102.0
4 790 1184 22,9 34.1 1862 1.57 58.1

HW 300 665 1033 31.1 47.8 148! 1.43 55.2
4 830 1424 40.1 46.2 1947 1.37 62.1

T: Temperature o3 : 0.2% yield strength  op: Tensile strength
€ : Total elongation @ : Reduction of area

ag’ : Notch tensile strength o5’/ p : Notch tensile strength ratio
vE ; Absorbed energy
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Fig. 4. S-N plots for smooth specimens.
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Fig. 5. S-N plots for notched specimen.
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(a) Smooth specimen (#1 in Fig. 4, Ac =1 373 MPa) Many fatigue cracks were nucleated as shown by arrows.

(b) Smooth specimen (#2 in Fig. 4, Ag=1177 MPa)
(c) Notched specimen (#1 in Fig. 5, Ag=1 177 MPa)

(d) A typical nucleation site of fatigue cracks shown in (a) and characteristic X-ray image taken by using Ti(K) and

Mo(L) radiation.

Photo. 2. SEM micrographs for the fatigue specimens of base material tested at 4 K.

YIRGRBRA T 1R 57 & BRI IS > THEIR IO 56%
LTBY, YIREEEOIEHHEDEI AL 8B oH
RALT AT FIFIC S RBAEY A b e LTl 2
bhz.

3-3:2 WHEH (W)

T B L UYREEBN O SNBRIEBH O£ 2R
DHRFLY bEEHMIFHEL T, WHOBE,
WERTICLBMED LR L &b, BIEIEEIEIC
BATY %. Photo. 3 IS O JLTIBI 4R 3. T Bk

(a) Smooth specimen (# 3 in Fig. 4, Ao = 883
MPa), showing a little defect at the fatigue
crack

(b) Notched specimen (# 2 in Fig. 5, Ag=883
MPa) No defects

Photo. 3. SEM micrographs for the

fatigue specimens of weldment tested
at 4 K.

Fro1#8Cid, #E9 & #IEMNIC Photo. 1 & FIEd 5 /h
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(a) Smooth specimen (34 in Fig. 4, Ag=1 275 MPa and Ny =34 828 cycles)
(b) Nucleation site of the crack in (a) A very small void are observed

(¢) Smooth specimen (#5 in Fig. 4, Ag=1 079 MPa and Ny=9 845 cycles)
(d) Smooth specimen (#6 in Fig. 4, Ac =1079 MPa and Ny =31 907 cycles)
(e) Notched specimen (# 3 in Fig. 5, Ag =686 MPa) No defects

Photo. 4. SEM micrographs for the fatigue specimens of heat-treated weldment tested at 4 K.
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% AR B, '
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Table 3. Linear regression analysis for the S-N
curves shown in Fig. 4 and 5.

Material T(K) a A
B 300 7.09 —3.39%1073
4 7.57 —2.25%1073
300 6.87 —3.96x1073
Smooth w 4 6.06 —1.77%107%
_ -3
HW 302 6._§5 3.2%—><10
B 300 5.74 ~2.48%1073
4 5.64 —1.46%1073
300 6.01 —3.47x1073
Notched w 4 6.28 ~2.65%1073
300 5.60 —2.56x1073
HW 4 6.90 ~2.71% 1073
Table 4. Fatigue strength Acgg and notch factor K,

at 2X10% cycles.

Fatigue strength
Material Notch factor
(K) | Smooth specimen | Notched specimen Ky
Aoso (MPa) Aoo (MPa)
B 300 824 581 1.42
4 1451 918 1.58
W 300 649 493 1.32
4 992 746 1.33
300 791 508 1.56
HW 4 - 958 -
1600
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o
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Fig. 6. Fatigue strength at 2 X 10* cycles as a
function of tensile strength.
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LOW CYCLE FATIGUE AND OTHER MECHANICAL PROPERTIES
OF AGED 316LN STAINLESS STEEL AT LIQUID HELIUM TEMPERATURE

T.Ogata, K.Ishikawa, K.Nagai, O0.Umezawa, and T.Yuri

National Research Institute for Metals, Tsukuba Labs.
Tsukuba Ibaraki 305, JAPAN

ABSTRACT

We study the effect of Simulated Nb;Sn Precipitation heat treatment(SNP) on mechan-
ical properties, especially low cycle fatigue behavior, of SUS 316LN stainless steel at low
temperatures. Tensile tests, Charpy impact tests, fracture toughness tests, and low-cycle
fatigue tests were carried out at 293 K, 77 K, and 4 K. Previous to the low cycle fatigue tests,
internal specimen temperature during the tests at 4 K was measured in detail and determined the
upper strain rate limit as 0.4 %/s. For SUS 316LN stainless steel, the heat-treatment slightly
increased yield strength at 4 K, decreased tensile strength, Charpy absorbed energy 273 J to 12
J, and fracture toughness K. 293 MPavVm to 67 MPavm. And no significant effect on low
cycle fatigue properties.

INTRODUCTION

The SUS 316LN steel has an excellent strength and fracture toughness combination at 4
K and is widely used at the temperatures. When it is used as a sheath material for A15 type
wired superconductor, the properties of the steel may degrade after the heat treatment (973 K
for 50-200 h) for the superconducting materials. Shimada et al.! reported that an addition of
niobium improved the properties of aged 316LN and 22Mn steel. However, there is not
enough data or total discussion of the effect of the SNP heat treatment on the mechanical
properties. Especially, fatigue life data at liquid helium temperature is very rare. The axial-
strain low cycle fatigue is not so easy because it takes so many hours. Cryogenic fatigue
properties of 304L and 316L stainless steels in the axial-strain control was reported by Suzuki
etal2. In this paper, authors would like to present the upper strain rate limit for constant strain
range low cycle fatigue test at 4 K as results of specimen temperature measurements and the
effects of the heat-treatment on the mechanical properties for SUS 316LN at 4 K.

EXPERIMENTS

The 316LN stainless steels used in this study were hot-rolled and solution-treated plates
(30 mm in thickness) of commercial grade. The chemical composition of the specimens is
given in Table 1. Simulated Nb;Sn Precipitation (SNP) heat treatment (973 K x 200 h) was

Table 1. Chemical composition of the steel used in this test (wt.%)

C Si Mn P S Ni Cr Mo N
SUS316LN 0.019 0.50 0.84 0.025 0.001 11.16 17.88 2.62 0.18

Advances in Cryogenic Engineering (Materials), Vol. 36 1249
Edited by R. P. Reed and F. R. Fickett
Plenum Press, New York, 1990
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Figure 1. Dimensions of fatigue specimen used in this study.

performed in vacuum fumace. We call 'Heated’ for SNP heat-treatment material and 'Normal’
for as-received material. Tensile, Charpy and fatigue specimens were cut from rolling direc-
tion. The notch orientations of fracture toughness test specimens were TL. Round bar type
tensile test specimens were 3.5 mm in diameter and 20 mm in gauge length. Charpy impact
test specimens were standard V-notch type and its dimension was 10x10x50 mm. Fracture
toughness specimens were 1/2 TCT (12.5 mm in thickness). Fatigue test specimens for
temperature measurements and low cycle fatigue tests were shown in Figure 1; 6 mm in
reduced section diameter and 14 mm in gauge length. For the temperature measurement
specimen, a 2 mm diameter hole was drilled along the axis to measure the interior temperature
of the specimens. The location of the thermocouples (Au-0.07%Fe, Chromel, 0.2 mm
diameter) is also illustrated in Fig. 1. The details of temperature measurement have been
presented elsewhere3.

Testing conditions

The mechanical property tests were conducted at 293, 77, and 4K. Tensile tests were
carried out at a strain rate of 8.3x10-4s-1. The method of Charpy impact test at liquid helium

THi

SUS 316LN 4K, =*1.5%
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Temperature rise

Figure 2. Load and temperature rise curves during the temperature measurements
at the strain range of 3 %.
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Figure 3. Maximum and minimum temperature rise as a function of the test frequency.

temperature was described elsewhere4. Fracture toughness tests were performed with a
computer-aided single-specimen unlcading compliance technique.

Low cycle fatigue

Fully-reversed axial-strain controlled fatigue tests were carried out with a closed-loop
electrohydraulic machine of 100 kN loading capacity. The axial-strain was measures by an
extensometer mounted on the specimen and controlled to make a triangular waveform of cyclic
ramp at the constant strain rate of 0.4 %/s. This strain rate was determined by the temperature
measurements, which was performed prior to the fatigue tests. Fatigue test was begun with
compressive half-cycle.

Microstructure and precipitates were observed by optical and transmission electron
microscopes. Fractured surfaces were observed by a scanning electron microscope.

RESULTS

Specimen temperature measurements

Figure 2 shows the curves for load and temperature rise during the temperature measure-
ments at the strain range of 3 %. At the test frequency of 0.01 Hz, the specimen temperature
rise occurs to several degrees and about 10 degree at the serration during the plastic deforma-
tion region and specimen temperature is back to almost zero during the elastic region. At the
frequency of 0.1 Hz, specimen temperature does not refum to zero; minimum temperature rise
of 0.4 degree and the maximum temperature rise of about 18 degree. At 0.5 Hz, specimen
temperature constantly increased to 40 degrees. The results of specimen temperature measure-
ments were given in Figure 3. We determined the upper strain rate limit as 0.4 %/s to keep the
minimum temperature rise within 1 degree; 0.1 Hz for £1% total strain.

Table 2. Mechanical properties of the steels

Tempera- 0.2% Yield Tensile Flonga- Reduction Charpy Fracture
fure Strength Strength tion inArea  Absorbed Toughness
Material (K) (MPa) (MPa) (%) (%) Energy (J) (MPavm)
Normal 293 342 716 72 85 292
77 803 1517 76 70 276
4 1072 1697 55 60 273 239
Heated 293 379 770 58 65 126
77 883 1288 27 22 13 87
4 1135 1493 15 16 12 67




Mechanical properties

The results of tensile tests, Charpy impact test, and fracture toughness tests were listed
in Table 2. For SUS 316LN stainless steel, the heat-treatment slightly increased yield strength,
decreased tensile strength, Charpy absorbed energy 273 J to 12 ], and fracture toughness K;.

293 MPavm to 67 MPavm. Figure 4 shows changes of maximum stress with an increased
number of cycles at 293, 77, and 4 K. Maximum stress increased initially, then decreased.
For Heated and small strain range specimen, maximum stress decreased monotonously.
Maximum stress of Heated was larger than that of Normal. Figure 5 a) shows the total strain
range vs. fatigue life curves forNormal andHeated material at 293, 77, and 4K. Fatigue life
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Figure 4. Changes of maximum stress with an increased number of cycles at 293, 77, and 4 K.
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Figure 6. TEM microphotographs for normal and heated material tested at 4 K at £0.75 %.



Normal Heated

Figure 7. SEM microphotographs of fractured surface for normal and heated material tested
at 293 Kand 4 K.

increased with a decrease of temperature. No significant effect of heat treatment, longer fatigue
life at lower temperature. Figure 5 b) shows the plastic strain range vs. fatigue life curves.
Fatigue life increased with an increase of temperature, but the difference among testing
temperature is small.

Microphotographs

Figure 6 shows the TEM microphotographs for normal and heated material tested at 4
Kat 20.75 %. Inheated material, a number of fine carbides precipitated both at grain
boundary and in the matrix. Cross slips were observed in deformed region. Figure 7 shows
SEM microphotographs of fractured surface. At room temperature, no significant difference
was found between Normal and Heated and clear striations were observed in the matrix
region. At4 Kand £0.75 %, specimen was fractured at grain boundaries.

DISCUSSION

Precipitation of carbide

Precipitated carbides were too small to determine by diffraction pattern, however, most
of them are considered to be M,3Cs.

Change of maximum stress

Maximum stress increases initially with an increase of number of cycles and decreases
gradually is a tendency for nitrogen strengthened material and this results agreed with the
Shibata’s data.’



Fatigue life curve

The increase of fatigue life with the decrease of temperature is considered to be the
decrease of plastic strain range due to the increase of yield strength.

Effect of SNP heat-treatment

Precipitation at the grain boundary degrade the toughness of the material. The
precipitation of carbide increased the yield strength and embrittle the material cause the fatigue
life did not changed as a result.

CONCLUSION

1. During low-cycle fatigue test at liquid helium temperature, significant temperature rise
occurs.

2. For SUS 316LN stainless steel, the heat treatment slightly increased yield strength at 4 K,
decreased tensile strength, Charpy absorbed energy 273 J to 12 J, and fracture tough-
ness Klc 293 MPavm to 67 MPavm.

3. No significant effect of the heat treatment on the low cycle fatigue properties
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HIGH CYCLE FATIGUE OF SOME AUSTENITIC STEELS
AT CRYOGENIC TEMPERATURES

K.Nagai, T.Yuri, O.Umezawa, T.Ogata and K.Ishikawa

National Research Institute for Metals, Tsukuba Labs., Ibaraki, Japan

Synopsis: High cycle fatigue properties at cryogenic temperatures have been
investigated for SUS316LN, 25Mn-5Cr, and 32Mn-7Cr steels at room temperature
(293 K,RT), liquid nitrogen temperature (77 K), and liquid helium temperature
(4 K). The fatigue strength was higher at lower temperature in all the
materials tested. However, increasing yield or tensile strength did not
always introduce an expected increase in the 4 K fatigue strength. Some of
the materials showed internal crack initiation which was not associated with
mechanical defects or inclusions. The internal crack initiation occurred in
low peak stress tests and in longer life tests over 10° cycles, although the
surface initiation occurred in high peak stress tests and in short 1life
tests. Most of the internal initiation did not originate from inclusions.

Key words: high cycle fatigue, cryogenic temperature, SUS316LN, high
manganese steel, fatigue strength, internal crack initiation

1. Introduction

Recent development in c¢ryogenics 1like superconducting engineering
demands the reliability data of structural materials at cryogenic
temperatures [1]. However, only a few mechanical properties are available
mainly because of many difficulties in their evaluation. Presumably the
fatigue test at 4 K is the hardest one, since it needs quite a long term
operation of test machine with keeping the specimen temperature as low as 4
K. The National Research Institute for Metals, Japan, developed a new system

for long term fatigue test at 4 K {2]. Using this machine, the present
authors have accumulated high c¢ycle fatigue data at cryogenic temperatures
for variuos cryogenic structural materials ([3]-[5].

Austenitic steels like nitrogen-strengthened stainless steels and high
manganese steels were designed to have high strength and high fracture
toughness at very low temperatures; however few fatigue data have been
obtained at cryogenic temperatures. In the present study, S-N curves at RT,
77K, 4K were determined for SUS316LN, 25Mn-5Cr, 32Mn-7Cr steels.

2. Experimental Procedure

The chemical compositions and manufacturing processes of the test
materials are listed in Table 1. Cold rolling with a reduction ratio of 20%
was subjected to SUS316LN for strengthening the steel. The rolling direction
was parallel to that of the hot rolling. Grain refinement by solution
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treatment was attempted for 25Mn-5Cr. Tensile properties and fracture
toughness are summarized in Table 2.

Table 1 Chemical compositions and manufacturing processes of test materials.

Materials Manufacturing Chemical compositions in mass%
process C Si Mn P Ni Cr Nb Mo N Fe
SUS316LN | 1) unrolled ‘ 0.02 0.50 0.8 0.025 11.16 17.88 - 2.62 0.18 bal
2) 20% cold-rolied
25Mn-5Cr | 1) hot-rolied 0.22 0.8625.6 0.024 0.97 4.67 0.043 - 0.040 bal
2) solution-treated
32Mn-7Cr | 1) solution-treated| 0.14 0.60 31.6 0.022 023 7.04 - - 0.133 bal

Table 2 Mechanical properties at liquid helium temperature.

Material Direction |YS(MPa)TS(MPa) EI(%) RA(%) Kic(MPvm)
SUS316LN 1)unrolled L 1072 1697 55 60 240

2) 20% cold-rolled L 1560 1982 43 37 156
25Mn-5Cr 1) hot-rolled T 927 1506 49 48 296

2) solution-treated T 958 1529 42 44 255
32Mn-7Cr 1) solution-treated T 1118 1417 47 53 143

Hourglass type fatigue test pieces with the minimum waist diameter of 6
mm were machined from the central part of the plate thickness so that the
longitudinal direction was parallel for SUS316LN and perpendicular for 25Mn
-5Cr and 32Mn-7Cr to hot rolling direction. Sinusoidal c¢yclic loading of
R=0.01 (minimum load / maximum load) was applied using a servo-hydraulic
tester. In 4 K test, a recondensation type refrigerator [2] was operated to
keep the specimen temperature constant at 4 K during the test. In 77 K test,
specimens were immersed in liquid nitrogen, and in RT test, tests were done
in air. In order to avoid specimen heating by cyclic loading (6], 4 K tests
were done at a rate of 4 Hz in the range of cycles less than 10° and «t 10 Hz
over 10° cycles. The frequency in 77 K and RT tests was 10-20 Hz. S-N curves
were determined basically in the range between about 10° and 10° cycles.

Fracture surface of fatigue specimen wasg observed with scanning electron
microscope (SEM). And X-ray energy dispersion spectroscope (EDS) was utilized
for the chemical analysis of the fracture surface.

3. Result and Discussion
3.1 S-N curves

The S-N curves are shown in Figs. 1 to 5. From these, it is obvious that
the fatigue strength is higher at lower temperature for the steels tested in
the present study. Namely, S-N curve shifts to higher peak stress side and
longer life side as the temperature decreases. Strengths of these steels
increased with a decrease in temperature and no brittle fracture appearance
was observed at any temperature both in tensile test and in fracture
toughness test. Hence, the present study demonstrates the high reliability of
these steels at cryogenic temperature from the viewpoint of high cycle
fatigue property as well as fracture toughness.

Empirically, fatigue strength at room temperature has a linear
relationship with tensile strength (TS} over a wide range of TS unless
defects like inclusions play a harmful effect [7]. As seen in Fig. 6, the
linear relationship is obtained between the 106cycles fatigue strength (FS)
and TS at RT and low temperatures. The ratio of FS to TS is approximately
0.6. The present result implies the defects make a minor problem even at
cryogenic temperatures in these steels.
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Fig.1 S-N curves of SUS316LN without cold rolling.NF means "not failed”.
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Fig. 2 S-N curves of SUS316LN cold-rolied by 20%. NF means "not failed”.
Yield strength and crack initiation site are indicated.
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Fig. 3 S-N curves of 256Mn-5Cr(hot-rolled). NF means "not failed”.
Yield strength and crack initiation site are indicated.
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A linear relationship between FS and yield strength (YS) 1is also
obtained as shown in Fig. 7. However, the slope, in this case, is nearly 1.0
and the deviation from the line with a slope of 1.0 is evident for the steel
with the highest YS at 77 K and at 4 K, namely 20% cold-rolled SUS316LN. In
Fig. 8, the ratio of FS to YS for each steel 1is described as a function of
test temperature. At RT, the ratio is around 1.2 in all the materials, but at
low temperatures, the ratio generally decreases with temperature. The ratio
for 25Mn-5Cr (solution-treated) and 32Mn-7Cr is smaller than 1.0 at 4 K. The
20% cold-rolled SUS316LN has also a fairly low ratio both at 77 K and 4 K,
consistent with the deviation in Fig. 7. The ratio smaller than 1.0 means
fatigue fracture at peak cyclic stress lower than yield strength ( 0.2%
offset stress). In Figs. 1 to 5, ¥YS at RT, 77 X, and 4 K is indicated.
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Fig.9 Comparison of 10° cycles fatigue strength and yield strength at 4 K
for steels tested.

Yield strength is an important measure for the selection of structural
material. In the present paper, the properties at 4 K are especially
interested. Hence, Fig. 9 makes a steel-by-steel comparison in terms of the
combination of FS and YS at 4 K. ’

The 20% cold-rolled SUS316LN has the highest FS among the steels
However, strengthening by cold rolling is not effective in improving FS- for
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SUS316LN. Cold rolling added about 500MPa in YS, but the increase in FS was
only 50 MPa, a tenth of increment in YS.

The 32Mn-7Cr steel has the YS slightly higher than that of SUS316LN,
however, the FS is about 150 MPa lower than that of SUS316LN. For 25Mn-7Cr
steel, the solution-treated one has a slightly higher YS than the hot-rolled
one, but the FS is approximately 80 MPa lower in the former.

Thus, the steel having a higher YS does not necessarily show a higher
FS. This means the FS should be determined exactly for the selection of
material, though the linear relationship between YS (or TS) and FS may give a
rough estimate of FS from YS (or TS).

3.2 Fatigue Crack Initiation Site

The test materials but 25Mn-5Cr (hot-rolled) showed internal crack
initiation. The specimens with the internal crack initiation are shown by
solid symbols in Figs. 1 to 5 ( except for Fig.3 ). From the S-N curves, it
is obvious that the internal crack initiation occurred in low peak stress
specimens and in longer life specimens over 10° cycles and, on the other hand,
the surface initiation occurred in high peak stress specimens and in short
life specimens. And further, the internal initiation prevailed more at lower
temperature.

3.2.1 Inclusion origin

Unrolled SUS316LN:

Only one 4 K specimen of the unrolled SUS316LN showed the internal
initiation. SEM observation clarified the site was a pore with a diameter of
20 pm. The EDS analysis did not show any difference in chemical compositions
bewteen the matrix and the pore surface. How this pore formed in the
manufacturing process is not made clear.

25Mn-5Cr ( solution-treated ):

Four lower peak stress specimens at 4 XK in 25Mn-5Cr( solution-treated )
showed the internal initiation at inclusions. The inclusions were smaller
than 50 pm in diameter. A typical EDS analysis of the inclusion was Fe:21.9,
Mn:13.5, Cr:1.43, and Al1:63.1 { in mass% ). This demonstrates the inclusion
is Al,0, . Aluminium wad added as a deoxidizer of the molten, therefore it is
believed the hot-rolled 25Mn-5Cr also has inclusions in its matrix. However,
the Thot-rolled steel did not show the internal initiation. The
solution-treated one has a slightly higher strength than the hot-rolled one,
probably because the grain size was refined by heat treatment. They showed an
almost equal ductility but the former had a lower fracture toughness than the
latter ( Table 2 ). It is considered there is a difference in deformation
behavior in micro-yielding region between them.

3.2.2 Non-inclusion origin

20% cold-rolled SUS316LN:
The cold-rolled SUS316LN revealed the internal initiation at 4 K ( Fig.

10 ). An EDS study showed that molybdenum rich structure whose size was about
20 pm in width and 100 to 200 pm in length was an initiation site in this
case, though very careful examination with optical microscope or X-ray

microprobe analyzer was unable to detect this phase. The initiation site had
the chemical compositions; Fe:52.6, Cr:27.7, Ni:5.6, and Mo:14.0 ( mass% ).
Obviously ferrite former elements like Cr and Mo were enriched in this
structure, therefore it is believed that this phase formed as a low melting
point phase in the solidification process. Cold rolling at RT could have
cracked this phase, but the internal initiation was not observed at 77 K and
RT. Accordingly it is concluded a higher cyclic stress at 4 K only could take
part in the internal cracking.
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Fig. 10 SEM photographs of internal crack initiation site
in 20% cold-rolled SUS316LN.

Fig- 11 SEM matching-halves photographs of internal initiation site
in 32Mn-7Cr.

32Mn-7Cr:
The solution-treated 32Mn-7Cr steel also showed the internal initiation

at 4 K and 77 K, and not at RT. The internal cracks in this steel were
intergranularly formed. Grain boundaries with traces of slip 1line or
mechanical twins were clearly seen at the sites. No significant feature in
chemical compositions was detected at intergranular cracks, namely the
chemical compositions of the crack surface were almost equal to those of the
matrix. This steel is fully stable austenitic, since no phase transformation
occurs by plastic deformation even at 4 K [8]. However, it had an
intergranular facet in a plane parallel to hot rolling plane in the fracture
surface after fracture toughness test at 4 K [8].

The mechanism of intergranular fracture in fully stable high manganese
steels is still disputable [9]. In 4 K fatigue test, intergranular cracking
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occurred even at the stress lower than YS. Transmission electron microsopy of
the fatigued specimen showed that, at such the low stress level, only a
single slip system was active and the planar dislocations were piled up at
grain boundaries [10]. It is believed stress or strain concentration at grain
boundary by planar dislocation plays an important role in grain boundary
cracking.

3.2.3 Internal crack initiation and fatigue strength

The ratio of FS to ¥YS at 4 K was smaller than 1.0 in 20% cold-rolled
SUS316LN, 25Mn-5Cr (solution-treated), and 32Mn-7Cr. In these steels, the
internal initiation markedly occurred especially in long life specimens or
low peak stress specimens. Hence it can be concluded that the internal crack
initiation in these steels is deleterious to high cycle fatigue property, but
not so serious as the FS/TS ratio decreases significantly.

4. Summary

The fatigue strength increased as the temperature decreased. The 10°
cycles fatigue strength at all the temperatures had a linear relationship
with either tensile strength or yield strength. The ratio of 10° cycles
fatigue strength to tensile strength and yield strength was approximately 0.6
and 1.0, respectively.

Strengthening by cold rolling or grain refinement did not always improve
the fatigue strength effectively. A high manganese steel, 32Mn-7Cr, showed a
lower fatigue strength than SUS316LN in spite of its higher yield strength.

The internal crack initiation occurred in some steelg. The initiation at
pore or inclusion was seen in 32Mn-7Cr and solution-treated 25Mn-5Cr. In the
20% cold-rolled SUS316LN, a Mo-rich structure was attributed to an internal
site, and, in 32Mn-7Cr, the initiaion crack formed intergranularly. These
internal initiation vyielded a lower ratio of fatigue strength to yield
strength at 4 K. '
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Synopsis:

High cycle fatigue tests at cryogenic temperatures were performed for titanium alloys and aus-

tenitic steels. The S-N curves shifted to higher stress or longer life side with a decrease in test

temperature with some exceptions in forged Ti-6 Al-4V alloys. There was little change in fatigue
strength between 77K and 4K for the forged Ti-6 Al-4V alloys. Fatigue strength at 10° cycles
increased in proportion to a gain in strength by temperature decrease. However, a ratio of the fatigue
strength to tensile or yield strength depended on material and its processing. From the viewpoint of
combination of yield strength and farigue strength, austenitic steels had a higher fatigue strength

than titanium alloys at a given yield strength. Among the titanium alloys, the rolled ones exceeded

the forged ones.
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Table 1 Chemical compositions of the materials tested in the present study (mass %).

Ti Alloys

Fe O N C H Al Sn v Ti
Ti-5 Al-2.5Sn ELI 0.19 0.057 0.0024 0.012 0.0058 5.15 2.66 - bal.
Ti-6 Al-4V Normal 0.199 0.135 0.0071 0.011 0.0053 6.34 — 4.23 bal.
ELI 0.200 0.104 0.0035 0.011 0.0032 6.23 — 4.25 bal.
SPELI 0.028 0.0b64 0.0019 0.024 0.0055 5.97 — 4,12 bal.
Austenitic Steels P S N C Mn Cr Ni Others
SUS 16 LN 0.026 0.001 0.180 0.022 0.65 17.76 10.81 Mo: 2. 56
32 Mn-7Cr 0.012 0.006 0.133 0.14 31.58 7.04 0.23 —
25 Mn-5 Cr 0.009 0.001 0.040 0.22 25. 60 4.67 0.97 —
FeNiMnCrTi 0.002 0.003 — 0.006 7.66 14.66 26.48 Ti:2.14, Mo:1.54
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Table 2 Tensile properties and fracture toughness of the materials tested.

Direction YS(MPa) TS(MPa) El(%) RA(%) Kic(MPav/m)

Ti Alloys
Ti-5 A1-2.5Sn ELI LS 1,405
Ti-6 Al-4 V Normal
Forged L 1,753
Rolled L 1,865
Ti-6 Al-4 V ELI
Forged L 1,705
Rolled L 1, 819
Ti-6 Al-4 V SPELI
Forged L 1,599
Rolled L 1,674
Austenitic Steels
SUS 316 LN
Unrolled L 1,072
20% CR L 1, 560
20% CR4+HT L 1,263
32 Mn-7 Cr T 1,118
25 Mn-5 Cr
Hot-rolled T 927
Solution-treated T 958
FeNiMnCrTi L 947

1,483 10 20 94
1,764 2.2 28 18
1,865 0.1 25 —
1,716 2.1 27 45
1,819 0.2 27 —
1,599 5.3 33 63
1,674 2.3 37 -
1,697 55 60 240
1,982 43 37 156
1,617 14 15 64
1,417 47 53 143
1, 506 49 48 296
1,525 42 44 255
1,478 30 40 267
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Fig. 1 Specimen geometry for cryogenic fatigue
test.
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