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For about 15 years, leptons and protons collided inside the HERA 
particle accelerator with the intension of investigating the protons’ 
inner structure. 646 superconductive electromagnets and 16 
superconductive cavities had to be constantly surrounded by liquid 
helium to operate at a temperature of around 4 K. To ensure the 
helium supply of HERA’s superconductive components a highly 
productive refrigeration plant was built.   
In this paper we report on the experience gathered during nearly 20 
years of operation of the refrigeration plants’ 3 cold boxes and the 
corresponding 14 screw compressors together with the helium 
distribution system and the purification system. 

 
 

 
INTRODUCTION 
 
The construction of HERA (Hadron-Elektron-Ring-Anlage) was started in 1984 and HERA began to 
operate as the largest synchrotron and storage ring (6.3 km ring circumference) on DESY site in 
November, 1990 [1,2]. Only two years later, in 1992, HERA’s first two experiments, H1 and ZEUS, 
started collecting data to study the structure of protons and properties of quarks more accurately than 
ever before. HERA was closed down on June 30th 2007. The data gathered during this time will 
once give us a comprehensive overall picture of the proton and forces acting within it with the 
highest all-time accuracy. To reach the required collision energy of around 320 GeV 646 
superconducting magnets for the protons and 16 superconducting cavities for either the electrons or 
the positrons have been used. The superconductive components had to be constantly surrounded and 
cooled by liquid helium to operate the accelerator at a temperature of 4 K [3]. To ensure the helium 
supply of HERA’s superconductive components a huge and highly productive refrigeration plant 
was built. The construction of a plant of this scale in 1987 meant to break new ground on 
technology. Compressors, cold boxes, cleaning units and helium-dewars as storage for liquid helium 
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and many other components belong to this plant. The operational history of this plant, related to 
availability, breakdown statistics, failure reasons, is the content of this paper.   

 
 
LAYOUT AND REFRIGERATION-PROCESS 

 

 
Figure 1  Flow diagram of HERA refrigerating plant. 1, 1a, 2, 3 Low pressure compressors; 4, 4a High pressure 

compressor; 5, 5a Helium dryer and oil adsorber; 6 Coldbox; 7 Helium heater; 8 Distribution box; 9 Helium Dewar; 10 

Low temperature purifier; 11 Nitrogen tank; 12 Helium tank; 13 Helium transfer line.  

 
The helium distribution system of the HERA accelerators and of the experiments in the 

experiment-halls consists of three equal units. Each unit consists of a cold box, three low pressure- 
and one high pressure compressor, several purify- and heater devices and a Helium Dewar to store 
liquid helium. In addition six large tanks for storage of gaseous helium with a pressure of up to 20 
bar belong to each unit. Figure 1 shows the arrangement of compressors, purifiers, cold boxes and 
storage tanks. As compressors screw compressors are used. The Helium is firstly compressed to 4 
bar and in a second stage to 18 bar. The plant comprises three equal sets of compressors each of 
which is made of three compressors operating in parallel in a first stage and a second combined 
high-pressure-stage. Additionally there is a spare compressor for the low- and the high-pressure-
stage respectively which is able to replace every other unit within its pressure range while operating. 
In terms of prevention getting impurities in the refrigeration circuit an oil adsorber with an activated 
carbon filter and a pair of drier is connected to each high-pressure-stage. A low temperature purifier 
cooled by means of liquid nitrogen and a flow-rate of up to 1,000 g/s can optionally be connected to 
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the helium output flow of each high pressure compressor. Furthermore each of the three cold-boxes 
has a set of internal adsorber to make sure turbines and refrigerating circuits are protected against 
impurities. In the Coldboxes the Claude-process is applied where expansion-turbines and 
counterflow heat exchangers are combined with helium expansion at low temperatures (Joule-
Thomson-process). The total cooling capacity of three times 6.4 kW at 4 K, 22 kW at 40 K and a 
liquefaction capacity of 20 g/s are just a few decisive data of this remarkable plant to be mentioned. 
The flow scheme of a HERA cold-box inside is illustrated in figure 2.  

 

 
Figure 2  Flow diagram of HERA coldbox 

 
Before entering the HERA storage ring the main flow of helium which is meanwhile expanded 

to 4 bar is piped through a Dewar filled with liquid helium to reach a constant temperature of 4.3 K 
by means of a heat exchanger. After the final expansion to 0.6 bar the helium vapour is led back 
from the storage ring to the low pressure compressor of the refrigeration plant. This low-pressure 
operation of the plant was initiated in July 1998 to be able to increase the proton energy to 920 GeV. 
Before the HERA accelerator was operated at a pressure of 1.05 bar with reduced proton energy of 
820 GeV. To operate on low-pressure was only possible due to the budgeted overcapacity of the 
HERA refrigeration plant. The total amount of helium within the refrigerating circuit adds up to 
15,000 kg. Two Helium-Dewars can store 2,500 kg of liquid helium. The Dewars are actively 
included into the refrigerating process and are able to compensate heat if necessary. High quantities 
of helium that can suddenly emerge in case of a quench of the superconducting magnets are 
collected in storage tanks for warm helium outside the refrigeration plant. 
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AVAILABILTY, FAILURE STATISTICS AND TOUCHIING UP’S 
 

Throughout 17 years of HERA-operation the refrigeration plant compensated the cryogenic loads of 
the HERA accelerator, the HERA experiments and temporarily the FLASH accelerator and other 
recipients with a corresponding availability of 98,7 %. Related to the availability of the refrigeration 
plant itself this value exceeds 99 %. Despite this high reliability in the functionality of the HERA 
plant it also has to cope with technical problems decreasing the availability. In the following a 
failure statistic over the last 16 years of HERA operation is given. Thereby the failures are 
subdivided into 5 categories: compressors, process computer, electrical power, water and pneumatic 
air of the refrigeration plant and its infrastructure. The failure statistic is displayed in the figure 3.  
 

 

Fig. 3 Failure statistic of the refrigeration plant and its 
infrastructure. The filled bars display the number of failures and the 
dotted ones present the added downtime with respect to the 
respective category.     

 
As can be seen in the diagram the main failure reason of the plant is related to the availability of the 
corresponding process computer or rather of the process control system of the plant, its infrastructure 
and the HERA accelerator. In the first few years mainly defect power supply units, multiplexer and 
programming mistakes caused a plants’ downtime. Later on the SEDAC I/O in the accelerator ring, 
mainly the SEDAC controller and the power supplies for SEDAC crates, partly due to radiation 
damage, have been responsible for a discontinuation of the cryogenic supply. Though the controls 
caused a large relative fraction of downtime, it should be stated that the involved system ran very 
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stable through the operation time of HERA and that the absolute downtime given by control failures 
was very low. Secondly compressor problems have to be mentioned to cause a technical breakdown 
of the plant. On average three times a year a compressor-station, consisting of four compressors 
respectively (three low pressure and one high pressure stage), caused an emergency stop of the 
refrigeration plant. Operating errors, oil-leaks and electromagnetic problems in terms of loose 
connections can be mentioned as reasons for compressor malfunctions. Besides the frequency-
converters, which have been integrated in 2004 caused a small part of the downtime related to 
compressor problems. Tertiary power outages lead to technical breakdowns of the plant. Indeed the 
number of failures caused by power outages is less than due to compressor problems but the induced 
added downtime is even higher. In average 2.5 power outages per year, mostly short breaks due to 
thunderstorms, cause a long term break down of the plant.  
Additionally to the failure reasons mentioned so far also cooling water and pneumatic air failures 
cause discontinuation of the cryogenic supply, but with an average of one failure per three years it is 
negligible in contrast to process computer, compressor and power failures. To sum up, power and 
compressor failures, leading to a technical breakdown of the plant, are approximately equal in 
quantity and half the amount of process computer failures. Most of the downtime due to process 
computer failures is caused by problems with process control system in terms of missing redundancy 
and the obsolete SEDAC I/O-System.  

As far as our experience goes a plant-availability of 99 % is possible if periodical maintenance 
as well as the exchange of critical components (O-ring sealings, power supplies, emergency-power 
supplies, PLC’s, etc) is carried out. Besides, up-grades of the plant have been made to improve its 
performance and availability as well as operational costs. After the suction pressure of the Joule 
Thomson compressors had to be lowered to 0.6 bar to achieve an operation temperature of 4.0 K at 
the superconducting magnets and the FLASH linac had to be supplied in addition the maximum flow 
rate of the low pressure stage compressors has been reached. As a result, the third, redundant 
compressor and coldbox group had to be used for the supply of the FLASH linac. The third coldbox 
was run at its minimum capacity level and correspondingly in a rather inefficient way which in 
addition meant a loss of redundant components for the HERA cryogenic supply. To compensate for 
the lower suction pressure the rotational speed of the low pressure stage compressors had to be 
increased by 20 % (60Hz instead of 50Hz operation) by using frequency converters. In the year 2002 
two compressors have been equipped with frequency converters. Besides the control of the 
compressor volumetric flow was more efficient henceforth. Due to our good experiences with this 
modification another 5 low pressure compressors have been equipped with frequency converters. 
The costs of equipment and assembly could be amortized within two years because the power 
consumption was lowered by 18 % compared to the sliding valve regulation. Additionally the full 
redundancy was won back. The three remaining low pressure compressors of the turbine circuit 
(including redundancy) which still had been run by sliding valve regulation were upgraded with 
frequency converters in 2007. A short period of amortization is expected here, too. For detailed 
information see [4]. A further activity to enhance the operability of the refrigeration plant is the 
change from the proprietary process control system EMCON D/3 to the open source system EPICS. 
This conversion was started in 2002 for several plant components and will be enlarged to the whole 
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plant soon. This modernisation of the process control system does not only enhance the flexibility in 
operating the refrigeration plant but also reduce the operating costs in terms of maintenance and 
upgrading.     
 
 
SUMMARY AND OUTLOOK 
 
The demands of the HERA refrigerant plant were and are very high. Only due to the refrigeration 
plant’s great reliability physicists at DESY were able to research on superconducting accelerators on 
such a high level in previous years and will be able to do so in future times. In the course of the 
years changes were made regarding hardware as well as software to remain always on the state of 
the technology and to ensure a high availability of the plant. In addition overcapacity or rather 
redundancy was essential to reduce the refrigeration plant’s downtime to a minimum. Related to 
high availability the experience has shown that redundancy must be given and special attention must 
be paid to the helium compressors and the electricity supply, in particular to the process computers 
and the process control system. Besides it is worth mentioning that despite being on the state of the 
technology, apparently secondary or rather trivial problems can cause a technical breakdown of a 
refrigeration plant.  

In future one of the three refrigerating units will be used for the cryogenic supply of the 
FLASH linac, the cryomodule test bench, the magnet test hall and the accelerator test facility. The 
remaining two units will be modified and upgraded for the cryogenic operation of the future XFEL 
linac [5,6]. 
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Experimental studies of the effect of Cryogenic Treatment on residual stresses in Integral Diaphragm Pressure Transducers for space applications
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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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                                                               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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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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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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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.


[image: image4.png]





                 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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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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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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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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