
 
 
 
CRYOGENIC MAGNET TEST FACILITY FOR FAIR 
 
Schroeder, C., Walter, F., Marzouki, F., Stafiniac, A., Floch, E., Schnizer, P., Moritz, G.,  Xiang, Y., 
Kauschke, M., Meier, J., Hess, G., 
 
GSI, Gesellschaft für Schwerionenforschung mbH, Planckstraße 1, 64291 Darmstadt, Germany 
 
 

For testing fast-pulsed superconducting model and pre-series magnets for FAIR 
(Facility of Antiproton and Ion Research), a cryogenic magnet test facility was 
built up at GSI. The facility is able to cool either cold masses in a universal 
cryostat or complete magnets in their own cryo-module. It is possible to operate 
bath cooled, 2 phase cooled, and supercritical cooled magnets with a maximum 
current up to 11 kA and a ramp rate up to 14 kA/s. Measurements of magnet heat 
loss, with calorimetric and a V-I methods, are available, as are quench  and 
magnetic field measurements. Design and functionality of the test facility will be 
described. Results of measurements with a supercritical cooled magnet and with a 
2 phase cooled SIS100 model magnet will be shown. 

 
 
 
INTRODUCTION 
 
GSI is building the new accelerator facility FAIR (Facility for Antiproton and Ion Research) [1] in the 
east of the existing facilities (see Figure 1). 

Figure 1 Topology of FAIR in the east of existing GSI 
 
The existing facility will act as an injector for the FAIR. Main component is a twin ring with 2 
superconducting heavy ion synchrotrons (SIS100 and SIS300), which will be in a tunnel 20m below 
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ground with a circumstance of 1100m followed by the Super FRS (Super Fragment Separator) and a 
number of different experimental and collector rings in the south. 
 In FAIR the SIS100, SIS300 and Super FRS are planned with superconducting magnets. In order to 
test model-, prototype- and pre-series magnets GSI built the prototype test facility. 
 
 
SUPERCONDUCTING MAGNETS AT FAIR 
 
SIS100-magnet 
This magnet is a window frame, iron dominated magnet. The superconducting wires are wound around a 
CuNi-tube in which 2 phase helium is flowing to provide the cooling [2]. Ramp rate is up to 4 T/s. 
 

 
         Figure 2 SIS100-quadrupol cold mass model        Figure 3 SIS300-dipole cold mass cross section [3] 
 
SIS300-magnet 
In this case a "classical" accelerator magnet type will be used. It is a coil dominated cosθ magnet which 
uses Rutherford cable. The coil is directly cooled by a supercritical helium flow with a high mass flow 
rate up to 150 g/s. In figure 3 a cross-section of this magnet type is shown. The first magnet tested at 
GSI was a 4 T straight dipole that was built at Brookhaven [4]. The next straight dipole, a cross section 
is shown in figure 3, (2 layers, 6 T) should be delivered at the end of this year. The final SIS300 dipole 
prototype [5] will be a curved one and will operate up to 4.5 T with 1 T/s ramp rate. 
 
Super-FRS-magnets 
For Super-FRS bath cooled magnets are planned. For the dipoles only the coil is cooled and the iron will 
be at warm. For the multiplets (quadrupoles and correctors), both coils and iron will be at 4.5K, which 
requires cooling down up to 40 t (Figure 5, [6, 7]). 
 

     
       Figure 4 Super FRS-dipole              Figure 5 Super FRS-multiplet     
 
 
PROTOTYPE TEST FACILITY 
 
The first planning of the facility took place in 2001. Since 2006 the test facility is in operation. After 
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several test measurements the first model magnet was installed and tested in September 2006.  
Figure 6 presents a schematic sketch of the facility. 
 

 
Figure 6 Schematic of the test facility 

 
The cryo plant is a used TCF50 from Linde which is a long term loan by CERN. It has a cooling 
capacity of about 350 W at 4.5 K. The new distribution box allows not only to distribute the helium, but 
also to set up the 3 different cooling schemes: 

• bath cooling 
• 2 phase flow cooling up to 5 g/s 
• supercritical cooling up to 200 g/s 

The magnet inlet temperature can be varied down to 3.9 K and the inlet pressure from 1.3 to 5 bar. The 
power supply has a maximum current of 11 kA (100 V) and a maximum ramp rate of 14 kA/s. The 
feedboxes supply the magnets with helium and electrical current. The current leads are classical vapour-
cooled copper leads. They are optimized for 6.5 kA and can operate up to 11 kA. Feedboxes contains 
"standard measurements" of: 

• mass flows (warm and cold) 
• temperatures 
• pressures 

These measured values are used to calculate the cryogenic heat loss of a magnet. Feedbox 1 is foreseen 
to test magnets with their own cryostats. Feedbox 2 is connected to a universal cyostat, which allows 
testing of magnet cold masses or other devices. 
 Additional anti cryostats, which can be installed in the aperture of a magnet, allow magnetic 
measurements at room temperature in the cold magnet [8]. The facility uses the same qench detection 
electronics and the same quench acquisition system than those installed at the LHC series test facility. 
 
 
PRICIPLES 
 
Supercritical cooled magnets (SIS300-type) 
By measuring the inlet- and outlet temperatures and pressures (as shown in figure 7) one can calculate 
the corresponding enthalpy difference. Additionally measuring the mass flow allows calculating the heat 
loss as: 
 

(1a) 
 

(1b) 
 
 

2 phase flow cooled magnets (SIS100-type) 
In this measurement it is possible to measure the heat loss in the coil and in the yoke separately. For the 
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 Figure 7 Test setup for testing supercritical cooled magnets 
 
magnet designer this helps to localise the generator of losses. To do so, it is necessary to alter the mass 
flow to find X=1 (i.e. 100 % helium vapour) at the coil outlet. Which means to reduce the mass flow till 
Tcy starts to be higher than the saturation temperature at this pressure. To measure the mass flow the 
helium gas at the outlet is overheated by a heater and mass flow is calculated by formula 2a. At coil inlet 
there is 100 % liquid helium (X=0), by the use of a not shown phase separator. With the assumption that 
all pressure drop takes place only in the coil, the heat losses can be calculated as followed: 
 
 

(2a) 
 
 

(2b) 
 
 

(2c) 
 
 

 
       Figure 8 Test setup for testing 2-phase cooled magnets 
 
 
OTHER MEASUREMENTS 
 
In addition to the calorimetric loss measurement, AC losses were also measured using the V-I-method 
[9]. The facility also allows a complete measurement of magnet quench behaviour (magnet training, 
RRR, quench resistance, propagation velocities, and hotspot temperature measurements [10]. The 
facility is also equipped for magnetic measurements when the magnet is cold.  
 

( ) ( )outinheaterinheateroutoutheateroutheater

erheating
He PThPTh

Q
m

,, ____

sup

−
=&

( )),0(),1( inliquidoutvaporHecoil PxhPxhmQ =−=⋅= &

( ) ( )( )outCYCYoutoutoutHeyoke PThPThmQ ,, −⋅= &

844



RESULTS 
 
Supercritical cooled magnets (SIS300-type) 
The first magnet tested at our facility was GSI001 [4]. It is a RHIC type dipole whose phenolic spacers 
were replaced by stainless steel collars. AC losses were measured using the V-I method at BNL in 
helium bath and at GSI in supercritical helium. These last results were confirmed by calorimetric 
measurements performed at GSI (figure 9). 
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 Figure 9 Heat losses of GSI001 for different ramp rates and different Bmax 
 
 Figure 10 shows the measured quench current Iq as a function of the ramp rate dB/dt. As seen in 
figure 10, BNL recorded higher quench currents because the helium bath cooling enables a better 
thermal transfer than the cooling in supercritical helium [11, 12]. 
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Figure 10 GSI001 ramp rate limitations. The upper line    Figure 11 Training of 4KDP6a dipole 
at 7750A gives the value of DC quench current; the lower  
line at 6775A presents the nominal operating current of  
the magnet 
 
2 phase flow cooled magnets (SIS100-type) 
The first SIS100 dipole prototype (called 4KDP6a), was tested at GSI test facility after tests at Dubna 
[13]. This 1.4 m long magnet was manufactured in Dubna and is an upgraded version of Nuclotron 
magnets. Figure 11 presents the magnet training done in 2 phases separated by 2 thermal cycles. 
 For a save operation of a 2 phase cooled magnet it is necessary to understand its hydraulic 
behaviour. To do so the mass flow was measured at different pressure drops and different ramp rates, 
which is equivalent to different heat losses. Figure 12 compares the experimental results to theoretical 
calculations. The good fit between computed and measured values, will allow us to better compute mass 
flow and pressure drops for 3m long dipoles. 
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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.


[image: image5.wmf]

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.
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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)


                           [image: image2.png]7) 1.LN2 Container
2 Relief Valve
3.Control Valve
{9) 4.Solenoid Valve
5.PID Controller
4. 6.Motor
® 7 Buffer Tank
8. Aluminium Fines
9.Ciyo Chamber
10.Copper Coil
11.Data Aquisition System

) 0 C
i

PROCESS INDICATOR DIAGRAM FOR CRYO TREATMENT CHAMBER







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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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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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.


[image: image5.wmf]

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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                 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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