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Thermal analysis of UHV beam tube of SIS100 for FAIR
Shim, S. Y., Kauschke, M., Kriamer, A., Mortitz, G.

FAIR Division, GSI, Planckstr. 1, 64291 Darmstadt, Germany

We have studied the effect of eddy current joule loss on the beam tube of SIS100
superconducting magnet. In order to keep the ultra high vacuum (UHV) in the
range of 102 mbar inside beam tube, we design beam tube as an extended
cryopump. The design optimization procedures enable us to reduce the loss down
to 11.2 % of total dynamic loss of SIS100 superconducting magnet. Appropriate
cooling pipe position is also simulated to find optimal temperature profile which
satisfies our design criterion. Design activities and related numerical simulation

results are presented.

INTRODUCTION

Among the many components in superconducting magnet for accelerator, the beam tube is located in the
region of highest magnetic field. During the operation of the magnet, we expect induced current on the
beam tube which can be a cause of additional mechanical forces, joule heating and stray magnetic field.
These phenomena disturb field quality inside beam tube and initiate instability during magnet operation.
In order to maintain the high performance of the SIS100 magnet, extensive studies have been conducted
on the mechanical stability of the superconducting cables, eddy current loss on beam tube and the effect
of iron yoke as well as magnetic permeability of materials at low temperature [1-4].

The major role of beam tube for FAIR SIS100 is a boundary as a cryo-cooled UHV chamber. The
beam tube for FAIR is designed to work as an extended cryopump and expected to have the vacuum
range of 10" mbar. To maintain such high vacuum, lowest temperature on the surface of the beam tube
should be lower than 5 K and highest temperature should be lower than ~ 15 K. The beam tube needs
mechanical stability against pressure differences, low thermal contraction and electromagnetic forces due
to induced current. The joule heating can disturb temperature and quality of vacuum inside beam tube.
The present paper deals mainly with the thermal effect on the beam tube due to eddy current.

As can be seen figure 1, the beam tube is designed elliptic shape and the cooling pipe is mounted on
it. The ribs also will be installed for reinforcement of mechanical strength. The cooling pipe itself is
designed to have zero net magnet flux to avoid electrical closed loop. However after attaching on the
beam tube, it may increase effective conductivity along the possible eddy current path. Although the ribs

have only 3 mm thickness, it is expected to be effective to increase eddy current especially at the both
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Figure 1 The beam tube for SIS100 magnet. The length is 2976 mm and wall thickness 0.3 mm, aperture

128 mm X 58 mm, rib thickness 3 mm.

end aperture of beam tube. We report the design of beam tube with optimized cooling pipe position and
thermal effect during magnet operation. The effort to reduce electrical link between each three

components with insulation layer of Al,Os is also discussed.

ANALYSIS MODEL AND MAGNET OPERATION CONDITION

The major axis length of beam tube is 128.6 mm, minor axis 58.6 mm. And full length is 2976 mm with
thickness 0.3 mm. The stainless steel P506 produced by company Bohler is considered for the beam tube
and its resistivity for this calculation is 5.0x10” Qm.

The calculation condition is based on the SIS100 operation scenario [5]. We choose the scenario, 2C,
of magnet operation which generate magnetic field shown in figure2. It is expected highest joule loss.
With given current excitation based on scenario 2C, we can generate corresponding magnetic field in

figure 2. And this periodic operation of field is applied into beam tube to simulate induce joule heating.
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Figure 2. SIS100 operation condition for this analysis. Maximum field reach 1.9 T and minimum

0.25 T at the center. The ramping rate is 4 T/sec.
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Figure 2 shows designed magnetic induction IBI at the center of the magnet as a function of time
which has to reach maximum 1.9 T, minimum 0.253 T with ramping rate 4 T/sec and high field flat top
duration 0.1 sec, low field flat bottom duration 0.8 sec.

We choose commercial code, ANSYS, for finite element (FE) analysis. The simulation is carried out
on electro-magnetic behavior with thermal effect so called coupled analysis. In order to find temperature
profile on beam tube, we designed firstly 2D finite element model of SIS100 contained beam tube, coils
and iron with corresponding physical values. The time dependent magnetic field based on the scenario 2C
was generated through controlling excitation current on coils. The eddy current due to the magnetic field
variation is a cause of joule heating and the heat also can be a cause of temperature rising on beam tube.

All this simulation was performed simultaneously with controlling the current at the coils.
B(F,t) = VXA(F,1) (1)

In order to calculate the effect of eddy current around the end of beam tube, we need to build 3D FE
model for the analysis. Instead of using iron inside model we generate artificial magnetic field directory
with vector potential. It allows us of ease to build FE model of beam tube and surrounded vacuum space
instead of using magnetic edge element and avoid making full model of magnet system into ANSYS.
Using the relation Eq. (1), we could calculate appropriate vector potential and distributed on the outer

surface of the FE model as a boundary condition.

INDUCED JOULE HEATING AND TEMPERATURE PROFILE

We excite coil of FE model based on the operation scenario above up to the cycle number of ~ 60™. The
generated magnetic field is applied on the beam tube. The eddy current density and induced joule heat
was calculated as a function of time. The figure 3 shows heat generation due to the induced current at the

first stage of ramping period. The maximum loss reaches to 8.3 watt/m.
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Figure 3. Joule loss due to the induced current on the beam tube at the first ramping. The continues cycle

increase temperature gradually and start to saturate around 50" of cycle.
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Figure 4. The temperature on the top and lateral side of the beam tube as a function of cooling pipe

position. The optimal position close to our criterion is bound at X = 57 mm.

The direct contact between beam tube and cooling pipe enables us to secure the 4.5 K region where
the temperature is lower than our criterion on the surface of beam tube. However on the top and bottom
side of the beam tube is expected to have highest temperature as well as lateral end side of beam tube.
Therefore, we calculate temperature profile along the elliptic circumference of the beam tube and check
maximum temperature with respect to 4 different cooling pipe positions in order to find optimal position
of cooling pipe. The maximum temperature is summarized in figure 4. The solid circles show temperature
at the lateral side of beam tube and the open circles are top and bottom of it. As the distance of cooling
pipe from center of beam tube is increased, the temperature of the lateral side is decreased while that of
top and bottom surface is increased. We expect optimal temperature profile at two curve crossing point of
57 mm from the center of the beam tube. The maximum and minimum temperatures are found to be 16.4
K and 4.5 K and it is marginally close to our design criterion.

With the cooling pipe position, 57 mm, the temperature profile of the beam tube is examined as a
function of ramping cycles shown in figure 5. The region of cooling pipe has 4.5 K due to the forced flow
of supercritical He. After ~50", the highest temperature starts to saturate to 16.4 K and shows same value
at top and lateral side of beam tube. There is rapid temperature increase as a function of cycle around
lateral side, > 57 mm, because of highest eddy current density induced at that region. The maximum eddy
current density of the top side is 2580 A/m” and corresponding joule heat is 4.47 watt/m’. The lateral side
has 5.8x10° A/m and loss of 1.7x10° watt/m’.

The ribs for mechanical reinforcement also affect electrical resistance on longitudinal and transversal
direction of current path on beam tube. The entire beam tube with cooling pipe shows the peak power loss
of 8.12 watt/m during ramping up the magnetic field. After including the ribs into our calculation model,
the joule loss is increased about 10 % higher than that of without ribs. Longitudinal direction of the eddy
current is major current flow in the middle of beam tube. Therefore the ribs may not generate
considerable loss in that region. However, the ribs at the end-aperture of beam tube region are good
conductor to transversal direction current. We found that the joule loss of the ribs at the beam-aperture

were much higher than that of ribs located the other part of beam tube.
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Figure 5. Temperature profile of beam tube up to 61 cycle of 2C scenario operation with

cooling pipe position at x = 57 mm from the center of beam tube.

Figure 6 shows the calculation result with alternative model of new cooling pipe which has Al,O3
electrical insulation layer. The purpose of the insulation layer is to reduce the electric conduction between
beam tube and cooling pipe. The Al,Os3 coated cooling pipe is placed on two different positions for
simulation; one is located at the same as on the beam tube shown in figure 1 and another is attached at the
edge of the ribs. The insulation layer reduces the joule loss effectively down to 25 % lower than without
insulation layer. Even we calculate the loss with triangular cycles which considered extreme operation
scenario; the maximum temperature is lower than our design criterion. In addition, in the case of the
cooling pipe located at the edge of the ribs also shows lower joule loss than without insulation layer. And
highest temperature is lower than our criterion. However, the lowest temperature is higher than 10 K
after several numbers of cycles. And the profile is shown in figure 6 (b). This result shows that the direct
contact between beam tube and cooling pipe with insulation layer is one of the most effective cooling
schemes for SIS100 beam tube.
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Figure 6 The cooling pipe is covered by Al,0; layer for electric insulation. (a) Temperature increase with respect to the
cycling of the magnet. The temperature at y = 0 is converged to 11.5 K with 1.5 K amplitude oscillation due to close
cooling and heat source. Cooling pipe is position on the beam tube at x = 57mm from center of beam tube. (b) shows

temperature profile on the beam tube with cooling pipe positioned at the edge of the ribs.
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SUMMARY

The thermal effect of eddy current on the beam tube has been simulated for cryogenic design study. The
appropriate cooling pipe position has been defined through FE calculation under the one of the heaviest
scenario of SIS100 magnet operation. We confirmed temperature distribution on the beam tube which is
considered critical parameter for keeping the UHV. The highest temperature on the beam tube has been
found to be 16 K and lowest 4.5 K due to the direct contact between cooling pipe and beam tube. We can
simply estimate total joule loss with the number of whole SIS100 dipole magnet at FIAR, 108 x 12.4 W =
1340 W. It is considered 15 % of the total dynamic heat load of the FAIR. The effect of the electrical
insulation layer on the cooling pipe also has been simulated to compare the joule loss. This layer enables
us to reduce the loss effectively. Further feasibility study on this insulation layer would clarify convenient

cryogenic application for the beam tube cooling. The losses are summarized at table 1.

Table 1. The eddy current loss of beam tube with cooling pipe positioned at 57 mm form the center of the beam tube. The

magnet operation condition is based on 2C scenario of SIS100.

® Beam Tube e Beam-Tube
e Beam Tube . i . . .
e Beam-Tube o Cool; i ¢ Cooling pipe ¢ Cooling pipe with
ooling p1ipe e Ribs Al,O3 coated layer
¢ Ribs
Average 7.21 watt 11.52 watt 12.4 watt 9.26 watt
Loss
Average
Loss per 2.4 watt/m 3.84 watt/m 4.13 watt/m 3.08 watt/m
unit length
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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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+Centre for Cryogenic Technology, Indian Institute of Science, Bangalore – 560 012, India
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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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                 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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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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