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In J-PARC, an intense spallation neutron source (JSNS) driven by a 1-MW proton 
beam has been constructed. A cryogenic hydrogen system, which provides 
supercritical hydrogen at the temperature of around 20 K and the pressure of 1.5 
MPa to the moderators and absorbs nuclear heating in the moderators, has been 
completed in November 2007 and the commissioning has been started. As the first 
step, the primary cryogenic operations were conducted by using helium, instead of 
hydrogen. We confirmed the soundness of the system at operation temperature, 
and established the operation method of the cool-down process. The cryogenic 
tests have been successfully completed without problems.  

 
 
 
INTRODUCTION 
 
An intense spallation neutron source (JSNS) driven by a 1-MW proton beam was constructed as one of 
main experimental facilities in J-PARC (the Japan Proton Accelerator Research Complex) [1]. Three 
kinds of hydrogen moderator (coupled, decoupled, and poisoned) are installed to provide a pulsed neutron 
beam with the higher neutronic performance. High-energy neutrons such as MeV orders generated from 
the target are reduced to the appropriate energy such as meV orders in those moderators.  
 A cryogenic hydrogen system provides supercritical hydrogen with a temperature of around 20 K 
and the pressure of 1.5 MPa to the moderators and absorbs nuclear heating in the moderators, which is 
estimated to be 3.8 kW for a proton beam power of 1 MW [2, 3]. Figure 1 shows a schematic of the 
cryogenic hydrogen system, which consists of a hydrogen circulation system to cool the high energy 
neutrons in the moderators and a helium refrigerator system to cool hydrogen in the hydrogen circulation 
system. The hydrogen circulation system consists of two centrifugal pumps, an ortho-para hydrogen 
converter, a helium-hydrogen heat transfer, an accumulator and a hydrogen heater. The total hydrogen 
inventory is 226 L. The hydrogen circulation system is cooled down to 18 K through the heat exchanger 
by the helium refrigerator. The total heat load is evaluated to be around 5.0 kW that is composed of the 
nuclear heating of 3.8 kW in the moderators and the heat loss of 1.2 kW in transfer lines, valves and other 
components. The refrigerator power of the helium refrigerator at 17 K was determined to be 6 kW that 
has a margin of 20 % for the total heat load. The hydrogen pump was designed to circulate the mass flow 
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rate of 0.162 kg/s in order to maintain the temperature difference through each moderator within 3 K at 
the rated proton beam power of 1 MW.  
 Supercritical hydrogen around 20 K behaves as an incompressible fluid. It is considered that a slight 
change of the supercritical hydrogen temperature in the hydrogen loop should bring about a severe 
pressure change. Therefore, in order to mitigate such pressure change, a pressure control system is 
prepared, which is composed of an accumulator as a passive volume controller and a hydrogen heater as 
an active controller for thermal compensation [2]. The accumulator is composed of the bellows filled with 
helium gas in the hydrogen loop. The volume change of the bellows, in which the helium gas at around 
20 K is still compressible, can absorb the pressure fluctuation in the hydrogen circulation system. The 
hydrogen heater plays a role in compensating the nuclear heating in the moderators, when the proton 
beam is turned off. In the system, we considered that the hydrogen temperature at the outlet of the heater 
should be maintained at 21 K by the hydrogen heater in order to avoid the heat load change in the helium 
refrigeration system. At the rated condition the hydrogen heater power to maintain at 21 K requires to 
around 4 kW that is slightly larger than the nuclear heating in the moderators for 1-MW proton beam 
operation.  
 In November 2007, the cryogenic hydrogen system has been completed, and the commissioning was 
started. As a first step, the cryogenic tests (TEST #1 and #2) were conducted from the end of November 
2007 to December 2007 used helium, instead of hydrogen. The purpose of the first cryogenic test (TEST 
#1) was to study a control approach of the helium refrigeration system for the cool-down operation, and 
to determine controlled parameters. The hydrogen circulation system was cooled down to the operation 
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Figure 1 Overview of the cryogenic hydrogen system in JSNS 

 

718



temperature of 20 K by the helium refrigeration system, which was performed by manually operation. An 
automatic control sequence for the cool-down operation was established based on the results of TEST #1, 
and was confirmed in TEST #2. In TEST #1 and TEST #2, the hydrogen circulation system was cooled 
down to bypass the moderators without supplying cold helium to the moderators.  
 
 
COMMISSIONING OF THE CRYOGENIC HYDROGEN SYSTEM 
 
First cryogenic operation 
Figure 2 shows a cool-down curve of the cryogenic hydrogen system in the first operation. An oil 
lubricated screw compressor generated the helium gas with the mass flow rate of 290 g/s from 0.3 to 1.68 
MPa, having the rated shaft power of 690 kW. The turbine with the rated revolution of 2470 rps operated 
from ambient temperature. The turbine expansion ratio was controlled by operating the turbine inlet valve. 
It was necessary to avoid exceeding the allowable temperature difference such as 50 K through the warm 
to the cold end of the hydrogen-helium heat exchanger during the cool-down process. Therefore, the 
cooling rate of the refrigerator was controlled to maintain within the allowable heat exchanger 
temperature difference by the helium heater and the mixing valve that behaved to supply a warm 
high-pressure stream before entering the cold box to the turbine outlet stream. The liquid nitrogen as a 
precooling material had not been used in TEST #1. 
 The hydrogen pumps were operated at 52,000 rpm larger than a rated speed of 42,000 rpm, to 
generate a few-g/s helium flow despite very low density around ambient temperature. For helium, two 
hydrogen pumps could circulate the mass flow rate of 4.8 g/s at ambient temperature. The helium gas was 
supplied to the hydrogen circulation system through a hydrogen buffer tank with the volume of 1 m3, in 
which the pressure was maintained to be 1.65MPa. The pressure in the hydrogen circulation system was 
maintained to be 1.5 MPa. On the other hand, the helium pressure in the bellows in the accumulator was 
maintained to be 1.6 MPa larger than that in the hydrogen circulation system, and the bellows was always 
fixed at fully extended location, which corresponded to the level of 90.5 mm. The hydrogen circulation 
system was cooled down through hydrogen-helium heat exchanger. 
 As temperature decreases such as less than 100 K, the mass flow rate both at the helium refrigeration 
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Figure 2 Cool down curve in the first cryogenic test 
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system and the hydrogen circulation system increased and the cooling rate also speeded up as shown in 
Fig.2 (a) and (b), respectively. Below 70 K, the hydrogen pump revolution was reduced to the rated value 
of 42000 rpm. At around 40 K the pressure in the bellows of the accumulator was reduced to that in the 
hydrogen circulation system, although the supply valve to the bellows was fully open condition. 
Accordingly, the accumulator level was temporary contracted down to 16.5 mm, which corresponds to the 
volume increase of 12.8 L in the hydrogen circulation system. The feed rate from the hydrogen buffer 
tank to the hydrogen circulation system supply gas was increased because of the sudden volume increase. 
Although the pressure in the hydrogen circulation system could be maintained to be 1.5 MPa, the pressure 
in the hydrogen buffer tank was decreased down to 1.5 MPa. At the accumulator temperature of 25 K, the 
helium gas supply to the bellows was stopped. With decrease in the temperature, the accumulator was 
automatically contracted because of the condensation of the helium gas in the bellows. At the rated 
condition, there was little pressure difference between the inside, P1, and the outside of the bellows, P2.  
 At the rated condition, the feed helium gas, the mass flow rate of 258 g/s, from the cold box was 
controlled to be 17 K by the helium heater. The two pumps could circulate the mass flow rate of 114 g/s 
with the pump head of 43 kPa. For the helium gas operation, the cryogenic hydrogen system could be 
cooled down to around 20 K within 20 hours without problems when the helium gas was used instead of 
hydrogen.  
 After that, the cryogenic hydrogen system was maintained at the rated condition for 24 hours without 
any problems, and then the cryogenic hydrogen system was warmed up to an ambient temperature within 
24 hours. We have succeeded in the first cryogenic test (TEST #1) by using helium gas, and could have 
also confirmed a stability of the cryogenic hydrogen system at the operation temperature. 
    

Second cool-down Operation Mode 
Figure 3 shows the cool down characteristic in the second cryogenic test (TEST #2), which was 
conducted by using an automatic sequence established based on the experimental data of TEST #1. In 
TEST #2, one hydrogen pump was used because the other was overhauled. The cooling rate was 
controlled from ambient temperature to around 70 K by using not the helium heater but the mixing valve 
based on the results of TEST #1. At around 70 K, the feed helium gas temperature from the cold box was 
kept constant for an hour by using the helium heater, and the temperature difference through the heat 
exchanger was reduced to consider characteristics of supercritical hydrogen. Then, the helium heater was 
used to control the feed helium temperature to bring about slow down the cool down of the operation 
temperature. Especially, the hydrogen circulation system was cooled more slowly during passing through 
around the critical temperature of 33 K. Therefore, the pressure fluctuation in the hydrogen buffer tank 
and the bellows became smaller unlike the case of TEST #1. Liquid nitrogen as pre-cooling was provided 
below 33 K.  
 On the other hand, the hydrogen pump revolution was changed from 52000 rpm to the rated 
revolution of 42000 rpm below 70 K as well as TEST #1. One hydrogen pump operation can obtain the 
mass flow rate of 63 g/s at the rated condition. Downstream of the hydrogen heater, the hydrogen heater 
power was controlled to keep a temperature of 21 K that was equal to that at the rated condition for the 
case of hydrogen, where the hydrogen heater power was around 4.0 kW and the hydrogen flow rate was 
162 g/s.  
 The bellows of the accumulator was maintained at the fully extended location of 90.6 mm. The 
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helium supply valve to maintain the pressure in the bellows constant was not closed automatically at the 
accumulator temperature of 23.6 K due to the sequence program error. Although the accumulator level 
would be supposed to autonomously contract to the rated level of around 40 mm with decrease in the 
temperature down to 21 K, it was maintained to be 90.5 mm throughout the cool down process.  
 It was confirmed that the cryogenic hydrogen system could be cooled down to the operation 
temperature within 27 hours according to the automatic sequential program, although there were some 
problems associated with sequence programs.  
 
Operation Test of the Accumulator  
The cryogenic hydrogen system was manually cooled down from 100 K to the operation temperature of 
around 20 K again during TEST #2 in order to conduct the operation test of the accumulator mentioned 
above. Figure 4 shows the result of the accumulator operation test during cool down process. At the 
accumulator temperature of 23.6 K, the helium supply valve worked. With decrease in the temperature 
down to 21 K, the bellows was automatically constricted to 33 mm as shown in Fig. 4, although the 
predicted level was 40 mm. The temperature distribution in the accumulator would exist during the cool 
down process. The thermo-sensor for the accumulator was located on the underside of it. Therefore, it 
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(a) Overall cool down curve 
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Figure 3  Cool down curve in TEST #2 
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was considered that, when the supply 
valve was closed, the average 
temperature through the accumulator 
would be higher than the temperature 
measured by the thermo-sensor. We 
confirmed that the accumulator level 
could be automatically adjusted by this 
means, although we should optimize 
the adjustment of the accumulator level 
in our future commissioning. 
 
 
CONCLUSIONS 
 
As a first step of the cryogenic hydrogen system commissioning, we have conducted two cryogenic tests 
of the cryogenic hydrogen system in JSNS by using helium instead of hydrogen. The cryogenic test led to 
the following conclusions. 
 In TEST #1, the cryogenic hydrogen system can be cooled down to 20 K within 20 hours, and can be 
maintained for 24 hours without any problem. At the rated condition, the helium refrigeration system 
could circulate the mass flow rate of 258 g/s.The two pumps were able to circulate the mass flow rate of 
114 g/s with the hump head of 43 kPa. We have succeeded in the first cryogenic test (TEST #1), and can 
have also confirmed a stability of the cryogenic hydrogen system. Based on the results of TEST #1, we 
have developed an automatic control sequence for the cool down operation. 
 In TEST #2, the cryogenic hydrogen system was cooled down according to the developed control 
sequence within 27 hours. We have succeeded in the cool down operation except for the accumulator 
control. We have confirmed that the accumulator level could be automatically adjusted by a retest of the 
accumulator operation conducted during TEST #2, although we should optimize the adjustment in our 
future commissioning. 
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Any machined component is develops residual stresses during machining and heat treatment. In many cases, the presences of these induced residual stresses are seriously detrimental for the functional reliability of the system.  In this study, a cryotreatment system is designed and developed to reduce the residual stresses induced within the integral diaphragm of the pressure transducers during machining.  These pressure transducers machined out of precipitation-hardened stainless steel were cryotreated for 24 hours at 98K.  The residual stress results of cryotreated transducers indicated significant reduction. These reductions have reduced the problems of zero shift of the outputs of transducers. 

INTRODUCTION


The practice of cryogenic treatment on metals has been extensively employed since many years mainly for improving life of cutting tools. While the results of cryotreatment on cutting tools have been encouraging, there is still large scope for research to study the effect of cryogenic treatment in the areas of improving dimensional stability of machined parts and gauges, removal of residual stresses, conversion of Retained Austenite to Martensite in steels etc. The effects of Cryotreatment to reduce the residual stresses of Internal Diaphragm Pressure Transducers used for measurement of propellant pressures are discussed in this paper.


A typical Cryo treatment cycle involves mainly involves 3 phases where the metal samples are cooled gradually to cryogenic temperature (cooling period), holding for extended length of time (soak time) and gradual warming (warming time) to room temperature. In normal practice a complete cryotreatment cycle takes around 36 hours with 5 hours of cooling, 24 hours of soaking and 7 hours of warming. These parameters can be modified for optimized results.
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Figure 1  Cryo-Treatment Cycle



   When metals are gradually cooled to cryogenic temperatures, soaked for a prolonged period and warmed to room temperature at a predetermined rate, the lattice structure of the atoms change due to stresses being relieved during cryogenic treatment cycle.  In the case of ferrous metals, the soft, ductile, FCC structured austenite gets converted to strong and harder BCT structured martensite.  Apart from these changes, the precipitation of newly formed carbides dispersed uniformly in the hard martensite structure induces a dense lattice structure.
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[image: image3.wmf]In the present work, the effects of cryogenic treatment on Integral Diaphragm Pressure Transducers (IDLV) used for launch vehicles are carried out. These pressure transducers   machined from Precipitation Hardened Martensite Stainless Steel (APX4, Carbon - 0.06%, Cr-16%, Ni-4% and Mo-1%) are used for measurement of propellant pressures. In the pressure transducer (Figure 2), propellant pressure is applied on one side of the diaphragm and strain gauges are bonded on the other side. Due to the applied pressure, the diaphragm deflects and induces proportional strain in the gauges which produce electrical out put. These electrical outputs are calibrated in pressure units.


                                                               Input pressure


Figure 2  Integral Diaphragm Pressure Transducer (IDLV)



 Ideally, the pressure transducer outputs should obey linearity for all the values of input pressures exhibiting zero output pressure for no input. Apart from this the transducer output readings are expected to exhibit linearity over the entire range. The transducers have to be dimensionally stable for its useful life for total reliability. However, in the realization of these integral diaphragms from the raw material stage, stresses are induced during machining.  If these induced stresses are not removed before final assembly, they will induce residual strains in the diaphragm.  These strains in the diaphragm can cause drift in the output while functioning and the transducer performance will be unreliable.


Residual stresses in machined components are essentially locked up stresses induced in side the material during various stages of machining.  These stresses in turn induce residual strains which are spread all over the component.  These stresses can cause decrease in strength and durability.  Stress boundary areas are more susceptible to micro cracking which can lead to premature fatigue and even failure.  These stresses induce strains inside the component and can cause premature failure. Cryogenic treatment has been found very effective in releasing these residual stresses.


The main advantage of Cryotreatment on metals is known to be removal of stresses due to realignment of crystal structure.  With a view to reduce the internal stresses in the diaphragm, it was planned to cryo treat the material from the raw material stage to the final stage, after each stage of machining with the following action plan.


STEP 1:  Evaluation the initial properties of the raw material viz. Ultimate tensile strength, Yield strength, Percentage elongation, Hardness, Austenite content and residual stress level.


STEP 2: Cryo treatment of the raw material.(CT1)


STEP 3.Evaluation of the properties of the cryo treated samples and analysis.


STEP 4: Rough machining the raw material to remove 90% of the material.


STEP 5: Residual stress and hardness measurement 


STEP 6: Cryo treatment (CT2)


STEP 7: Residual stress and hardness measurement


STEP 8: Final machining of the material


STEP 9: Residual stress and hardness measurement


STEP 10: Cryo treatment (CT3)


STEP 11:Residual stress measurement


It was planned to cryo treat all the samples with cool down time of 8 hours, soak time of 24 hours at 98K and warm up time of 12 hours.  It was planned to evaluate residual stresses, and retained austenite using X- ray diffraction techniques.

CRYOGENIC TREATMENT SYSTEM


The cryotreatment system incorporates mainly the cryotreatment chamber and an auxiliary LN2 supply system to supply controlled quantity of LN2 to the chamber to maintain the rate of cooling, soaking and warm up.  The controlled LN2 supply to the chamber is carried out by using a solenoid valve activated by a PID controller. (Figure 3)
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Figure 3  Schematic of the cryotreatment system 

The cryotreatment unit is made of stainless steel with polyurethane foam (PUF) insulation.  It has a fan-motor assembly mounted centrally in the top cover. The samples housed in the meshed trays are gradually cooled to cryogenic temperature by the cold nitrogen gas forced convection continuously produced by the rotating fan housed below the buffer tank containing LN2 and the cold exchange from LN2 circulating in the copper tube heat exchanger brazed on the outer wall of the metallic shroud housed around the meshed trays.


The LN2 supply is regulated by a solenoid valve operated by a PID controller with predetermined set points.  Various cryotreatment cycles can be programmed to suit the requirements.  The temperatures of the specimens are measured using Platinum Resistance Temperature Detectors (RTD).  The temperature data of the samples read by PID over the period of the cryotreatment cycle are stored continuously using a data acquisition system.
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                 Figure 4  Photograph of the cryo treatment system 


The samples were cryotreated for a total duration of the 45 hours, which included 9 hours of cooling, 24 hours of soaking and 12 hours of warming to room temperature.  The PID controller was programmed as per the preset conditions of temperature and time.  The system was maintained at a low temperature of 98 K for 24 hours and specimens were allowed to warm up to ambient temperature by closing LN2 supply. 


The residual stresses and retained austenite levels were evaluated using X ray Diffraction techniques.


RESULTS AND DISCUSSIONS


The cryotreatment was carried out after each stage of machining from the raw material stage to the final product and residual stresses were evaluated at each stage as shown in the tabular column (Table 1).  It was evident that after each stage of machining, the stress level increased and this could be brought down by cryotreatment.  The final machined diaphragm had residual stress level much less than the raw material and this could be further reduced by increasing the duration of cryo treatment (36 hours).  


Table 1  Residual stress levels during various stages of cryotreatment (CT) of the diaphragm.


		Stage

		Raw material

		CT-1

		Rough


machining

		CT-2

		Final machining

		CT-3 

		CT for 36 hours



		Residual stress (MPa)

		-535

		-372

		-497

		-338

		-363

		-336

		-308






The cryotreated pressure transducers have yielded very encouraging results. Hysterisis effects could be reduced considerably by nearly 20% which promised long term stability. Additional proof pressure cycling for 20 cycles further stabilized the hysterisis loop. The produced stable Martensite limit deformation of the diaphragm with time and hence dimensional stability. These positive effects could improve the overall reliability of the transducer considerably.


CONCLUSIONS


From the results it can be clearly seen that cryotreatment significantly reduces residual stresses induced during each stage of machining. Residual stresses can be considerably reduced further by cryotreating the samples  for extended duration of time for 36 hours. There is still scope for optimizing the experimental parameters to obtain better results. Tempering effects can be  studied  after cryotreatment.  
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Residual stresses in machined components are essentially locked up stresses induced in side the material during various stages of machining.  These stresses in turn induce residual strains which are spread all over the component.  These stresses can cause decrease in strength and durability.  Stress boundary areas are more susceptible to micro cracking which can lead to premature fatigue and even failure.  These stresses induce strains inside the component and can cause premature failure. Cryogenic treatment has been found very effective in releasing these residual stresses.


The main advantage of Cryotreatment on metals is known to be removal of stresses due to realignment of crystal structure.  With a view to reduce the internal stresses in the diaphragm, it was planned to cryo treat the material from the raw material stage to the final stage, after each stage of machining with the following action plan.


STEP 1:  Evaluation the initial properties of the raw material viz. Ultimate tensile strength, Yield strength, Percentage elongation, Hardness, Austenite content and residual stress level.


STEP 2: Cryo treatment of the raw material.(CT1)


STEP 3.Evaluation of the properties of the cryo treated samples and analysis.


STEP 4: Rough machining the raw material to remove 90% of the material.


STEP 5: Residual stress and hardness measurement 


STEP 6: Cryo treatment (CT2)


STEP 7: Residual stress and hardness measurement


STEP 8: Final machining of the material


STEP 9: Residual stress and hardness measurement


STEP 10: Cryo treatment (CT3)


STEP 11:Residual stress measurement


It was planned to cryo treat all the samples with cool down time of 8 hours, soak time of 24 hours at 98K and warm up time of 12 hours.  It was planned to evaluate residual stresses, and retained austenite using X- ray diffraction techniques.

CRYOGENIC TREATMENT SYSTEM


The cryotreatment system incorporates mainly the cryotreatment chamber and an auxiliary LN2 supply system to supply controlled quantity of LN2 to the chamber to maintain the rate of cooling, soaking and warm up.  The controlled LN2 supply to the chamber is carried out by using a solenoid valve activated by a PID controller. (Figure 3)
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Figure 3  Schematic of the cryotreatment system 

The cryotreatment unit is made of stainless steel with polyurethane foam (PUF) insulation.  It has a fan-motor assembly mounted centrally in the top cover. The samples housed in the meshed trays are gradually cooled to cryogenic temperature by the cold nitrogen gas forced convection continuously produced by the rotating fan housed below the buffer tank containing LN2 and the cold exchange from LN2 circulating in the copper tube heat exchanger brazed on the outer wall of the metallic shroud housed around the meshed trays.


The LN2 supply is regulated by a solenoid valve operated by a PID controller with predetermined set points.  Various cryotreatment cycles can be programmed to suit the requirements.  The temperatures of the specimens are measured using Platinum Resistance Temperature Detectors (RTD).  The temperature data of the samples read by PID over the period of the cryotreatment cycle are stored continuously using a data acquisition system.
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The samples were cryotreated for a total duration of the 45 hours, which included 9 hours of cooling, 24 hours of soaking and 12 hours of warming to room temperature.  The PID controller was programmed as per the preset conditions of temperature and time.  The system was maintained at a low temperature of 98 K for 24 hours and specimens were allowed to warm up to ambient temperature by closing LN2 supply. 


The residual stresses and retained austenite levels were evaluated using X ray Diffraction techniques.


RESULTS AND DISCUSSIONS


The cryotreatment was carried out after each stage of machining from the raw material stage to the final product and residual stresses were evaluated at each stage as shown in the tabular column (Table 1).  It was evident that after each stage of machining, the stress level increased and this could be brought down by cryotreatment.  The final machined diaphragm had residual stress level much less than the raw material and this could be further reduced by increasing the duration of cryo treatment (36 hours).  


Table 1  Residual stress levels during various stages of cryotreatment (CT) of the diaphragm.
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		Raw material

		CT-1

		Rough


machining

		CT-2

		Final machining

		CT-3 
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		Residual stress (MPa)

		-535

		-372

		-497

		-338
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		-336

		-308






The cryotreated pressure transducers have yielded very encouraging results. Hysterisis effects could be reduced considerably by nearly 20% which promised long term stability. Additional proof pressure cycling for 20 cycles further stabilized the hysterisis loop. The produced stable Martensite limit deformation of the diaphragm with time and hence dimensional stability. These positive effects could improve the overall reliability of the transducer considerably.


CONCLUSIONS


From the results it can be clearly seen that cryotreatment significantly reduces residual stresses induced during each stage of machining. Residual stresses can be considerably reduced further by cryotreating the samples  for extended duration of time for 36 hours. There is still scope for optimizing the experimental parameters to obtain better results. Tempering effects can be  studied  after cryotreatment.  
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The practice of cryogenic treatment on metals has been extensively employed since many years mainly for improving life of cutting tools. While the results of cryotreatment on cutting tools have been encouraging, there is still large scope for research to study the effect of cryogenic treatment in the areas of improving dimensional stability of machined parts and gauges, removal of residual stresses, conversion of Retained Austenite to Martensite in steels etc. The effects of Cryotreatment to reduce the residual stresses of Internal Diaphragm Pressure Transducers used for measurement of propellant pressures are discussed in this paper.


A typical Cryo treatment cycle involves mainly involves 3 phases where the metal samples are cooled gradually to cryogenic temperature (cooling period), holding for extended length of time (soak time) and gradual warming (warming time) to room temperature. In normal practice a complete cryotreatment cycle takes around 36 hours with 5 hours of cooling, 24 hours of soaking and 7 hours of warming. These parameters can be modified for optimized results.
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Figure 1  Cryo-Treatment Cycle



   When metals are gradually cooled to cryogenic temperatures, soaked for a prolonged period and warmed to room temperature at a predetermined rate, the lattice structure of the atoms change due to stresses being relieved during cryogenic treatment cycle.  In the case of ferrous metals, the soft, ductile, FCC structured austenite gets converted to strong and harder BCT structured martensite.  Apart from these changes, the precipitation of newly formed carbides dispersed uniformly in the hard martensite structure induces a dense lattice structure.
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 Ideally, the pressure transducer outputs should obey linearity for all the values of input pressures exhibiting zero output pressure for no input. Apart from this the transducer output readings are expected to exhibit linearity over the entire range. The transducers have to be dimensionally stable for its useful life for total reliability. However, in the realization of these integral diaphragms from the raw material stage, stresses are induced during machining.  If these induced stresses are not removed before final assembly, they will induce residual strains in the diaphragm.  These strains in the diaphragm can cause drift in the output while functioning and the transducer performance will be unreliable.


Residual stresses in machined components are essentially locked up stresses induced in side the material during various stages of machining.  These stresses in turn induce residual strains which are spread all over the component.  These stresses can cause decrease in strength and durability.  Stress boundary areas are more susceptible to micro cracking which can lead to premature fatigue and even failure.  These stresses induce strains inside the component and can cause premature failure. Cryogenic treatment has been found very effective in releasing these residual stresses.


The main advantage of Cryotreatment on metals is known to be removal of stresses due to realignment of crystal structure.  With a view to reduce the internal stresses in the diaphragm, it was planned to cryo treat the material from the raw material stage to the final stage, after each stage of machining with the following action plan.


STEP 1:  Evaluation the initial properties of the raw material viz. Ultimate tensile strength, Yield strength, Percentage elongation, Hardness, Austenite content and residual stress level.


STEP 2: Cryo treatment of the raw material.(CT1)


STEP 3.Evaluation of the properties of the cryo treated samples and analysis.


STEP 4: Rough machining the raw material to remove 90% of the material.


STEP 5: Residual stress and hardness measurement 


STEP 6: Cryo treatment (CT2)


STEP 7: Residual stress and hardness measurement


STEP 8: Final machining of the material


STEP 9: Residual stress and hardness measurement


STEP 10: Cryo treatment (CT3)


STEP 11:Residual stress measurement


It was planned to cryo treat all the samples with cool down time of 8 hours, soak time of 24 hours at 98K and warm up time of 12 hours.  It was planned to evaluate residual stresses, and retained austenite using X- ray diffraction techniques.

CRYOGENIC TREATMENT SYSTEM


The cryotreatment system incorporates mainly the cryotreatment chamber and an auxiliary LN2 supply system to supply controlled quantity of LN2 to the chamber to maintain the rate of cooling, soaking and warm up.  The controlled LN2 supply to the chamber is carried out by using a solenoid valve activated by a PID controller. (Figure 3)
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Figure 3  Schematic of the cryotreatment system 

The cryotreatment unit is made of stainless steel with polyurethane foam (PUF) insulation.  It has a fan-motor assembly mounted centrally in the top cover. The samples housed in the meshed trays are gradually cooled to cryogenic temperature by the cold nitrogen gas forced convection continuously produced by the rotating fan housed below the buffer tank containing LN2 and the cold exchange from LN2 circulating in the copper tube heat exchanger brazed on the outer wall of the metallic shroud housed around the meshed trays.


The LN2 supply is regulated by a solenoid valve operated by a PID controller with predetermined set points.  Various cryotreatment cycles can be programmed to suit the requirements.  The temperatures of the specimens are measured using Platinum Resistance Temperature Detectors (RTD).  The temperature data of the samples read by PID over the period of the cryotreatment cycle are stored continuously using a data acquisition system.
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                 Figure 4  Photograph of the cryo treatment system 


The samples were cryotreated for a total duration of the 45 hours, which included 9 hours of cooling, 24 hours of soaking and 12 hours of warming to room temperature.  The PID controller was programmed as per the preset conditions of temperature and time.  The system was maintained at a low temperature of 98 K for 24 hours and specimens were allowed to warm up to ambient temperature by closing LN2 supply. 


The residual stresses and retained austenite levels were evaluated using X ray Diffraction techniques.


RESULTS AND DISCUSSIONS


The cryotreatment was carried out after each stage of machining from the raw material stage to the final product and residual stresses were evaluated at each stage as shown in the tabular column (Table 1).  It was evident that after each stage of machining, the stress level increased and this could be brought down by cryotreatment.  The final machined diaphragm had residual stress level much less than the raw material and this could be further reduced by increasing the duration of cryo treatment (36 hours).  


Table 1  Residual stress levels during various stages of cryotreatment (CT) of the diaphragm.


		Stage

		Raw material

		CT-1

		Rough


machining

		CT-2

		Final machining

		CT-3 

		CT for 36 hours



		Residual stress (MPa)

		-535

		-372

		-497

		-338

		-363

		-336

		-308






The cryotreated pressure transducers have yielded very encouraging results. Hysterisis effects could be reduced considerably by nearly 20% which promised long term stability. Additional proof pressure cycling for 20 cycles further stabilized the hysterisis loop. The produced stable Martensite limit deformation of the diaphragm with time and hence dimensional stability. These positive effects could improve the overall reliability of the transducer considerably.


CONCLUSIONS


From the results it can be clearly seen that cryotreatment significantly reduces residual stresses induced during each stage of machining. Residual stresses can be considerably reduced further by cryotreating the samples  for extended duration of time for 36 hours. There is still scope for optimizing the experimental parameters to obtain better results. Tempering effects can be  studied  after cryotreatment.  
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