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We put forward a visionary concept to address the complete energy 
delivery and consumption needs of a typical American residential 
community via hydricity, a balanced combination of hydrogen and 
superconductivity cryo-technologies.  As energy consumption boundary 
conditions, we assume hydrogen will be used solely for transportation and 
seasonal load-leveling storage of electricity, whilst delivered electricity will 
provide all other needs, e.g., lighting, appliances and space conditioning.  
Baseline generation of both protons and electrons will be by nuclear power, 
delivery effected over a superconducting cable, refrigerated by liquid or 
supercritical hydrogen serving as cryogen and power delivery and storage 
agent.   
 
 
 

BASIC SUPERSUBURB RESIDENTIAL UNIT ENERGY REQUIREMENTS 
 
We assume the locale for SuperSuburb to be a large, upper middle class American residential 
community situated in a moderate climate such as found throughout California, the Southwest and 
Southern states.  The monthly gas and electric consumption for a typical household to be found 
therein, such as that of the author, is given in Figure 1 below. 
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Figure 1 2005 Natural Gas and Electricity Consumption by Month for the Grant 
Household.  A common energy unit (kWh) is employed. 
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Note that we have used kilowatt-hour units for gas conception in anticipation that each residence 
in SuperSuburb will be an “all-electric house.”   That is, electricity will supply all household 
“thermal” requirements that gas often satisfies such as heating, cooking, hot water and fabric 
dryers, in addition to its usual application for lighting and appliance operation.  The principal 
domestic chemical energy used will be in the form of hydrogen replacing petroleum as the family 
transportation fuel of choice.  However, the above chart displays a marked variation throughout the 
year in gas consumption strongly correlated with season, whereas electricity usage is far more 
uniform.  Given the desire, especially for nuclear power plants, to generate baseline power at as 
constant a level as possible throughout the year, there is an implication that a form of electricity 
storage needs to be provided if electricity is to take over the task of household heating.  We will 
assume this electricity storage is to be implemented through hydrogen generation and storage at 
facilities within SuperSuburb and its timely release as electricity when required.  We will assume 
that the hydrogen independently co-generated at the nuclear plant farm will be used as baseline fuel 
for the personal vehicle fleet of the residents of SuperSuburb, and to serve as cryogen to support the 
transmission of electricity via superconductivity over the SuperCable. The statistical properties of 
the data displayed in Figure 1 are summarized in the following two tables: 
 

Table I 2005 GHE Energy Consumption Statistics 
 

Energy (kWh) Electricity Natural Gas Total 
Annual Total 18894 24882 43776 
Monthly Average 1575 2073 3648 
Standard Deviation 174 1747 1748 
Skewness -0.15 1.51 1.69 
Kurtosis -1.57 1.88 2.42 

 
Table II  2005 GHE Power Requirements Based on Monthly Time Interval 

 
Power (kW) Electricity Natural Gas Total 
Monthly Mean 2.16 2.84 4.99 
Standard Deviation 0.24 2.39 2.39 
Mean + STD 2.39 5.23 7.39 
Mean - STD 1.92 0.45 2.60 

 
We see that the GHE requires an average monthly power delivery of essentially 5 kW, but with 

a large, almost 50%, deviation.  Because all SuperSuburb residential power will derive from a large 
nuclear facility, an attempt to “load follow” will be undesirable and impractical, yet to deliver 
constantly only the average will inevitably result in shortfalls during the colder seasons.  Thus, a 
“safety factor” must be applied which is by necessity empirical, whereby enough excess electricity 
is generated during the warm months to store as hydrogen for reconversion to electricity and 
heating during the cold.  Our calculations suggest a baseload rate 20% higher than the monthly 
mean, 6 kW per GHE, will be sufficient, and would result in a need for facilities to store a 
maximum energy slightly in excess of 6000 kWh per GHE which includes a 30% penalty on the 
round trip electricity-to-hydrogen-to-electricity (this energy need not necessarily be stored at the 
GHE site).  The hydrogen storage infrastructure required is given in Table III. 
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Table III  Baseline Electric Power and Energy Storage Requirements per GHE in SuperSuburb 
 

Baseline 
Power 
(kW) 

Energy Stored 
(kWh) 

Hydrogen 
Mass 

Equivalent 
(kg) 

Volume as Liquid 
(21 K, 14.7 psia) 

(cube edge in 
meters) 

Volume as Gas  
(300 K, 2000 psia) 

(cube edge in 
meters) 

5.99 6129 187 1.38 2.63 
   
Observe that the volume per GHE to be provided for hydrogen storage for simply load-leveling 
monthly fluctuations is dramatically substantial.  If stored as high pressure gas, the equivalent of 
around five 1000-gallon standard residential storage tanks would be required (if stored as liquid, a 
single 500-gallon tank would suffice...however, one would have to add refrigeration support).  On 
top of the basic volume requirement, a reversible fuel cell and water supply must be added.  These 
considerations suggest a central “utility” facility, analogous to a substation, would be more 
practical than on-site at the household. 
 
 
HYDROGEN TRANSPORT FUEL REQUIREMENTS FOR SUPERSUBURB 
 
We now calculate the replacement of gasoline with hydrogen throughout SuperSuburb and the 
delivery capacity of the SuperCable to effect its supply.  As mentioned earlier, all transportation-
targeted hydrogen will be produced at SuperSuburb’s nuclear farm will the dual purpose of acting 
as cryogen to support the electricity portion of the SuperCable in transit.  We will assume the 
demand to be more or less constant and independent of season since the fuel will be used for 
transportation and not heating.  Table IV contains the result per GHE and Table V the number of 
GHEs served by one hydrogen station. 
 

Table IV   GHE Transportation Energy Consumed 
 

Miles/Year 
DOE H2 
Mileage 

(kWh/mile) 

H2 Daily Mass 
Consumption 

(kg) 

SuperCable H2 
Delivery Power 

(kW) 
30,000 0.76 1.91 2.61 

 
Table V   Number of  GHEs per H2 Station and Individual Station Capacity 

 
US 

Households 
(2005) 

Number of 
Stations 
(1998) 

Households 
per Station 

Turnover 
Rate (days) 

H2 
Mass 
(kg) 

Liquid 
“cube” 

(meters) 

Gas 
“cube” 

(meters) 
75,000,000 187,000 401 3 2298 3.2 6.1 

 
 
POWER DELIVERY TO SUPERSUBURB VIA A SUPERCABLE 
 
Table VI summarizes the total power delivery required by a SuperSuburb of 300,000 GHEs, 
roughly the bedroom community of a city on the scale of San Jose, California, to be delivered from  
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Table VI.   Baseline Electric and Hydrogen Power Needs of a “San Jose” SuperSuburb of GHEs 
 

GHE Households Base Electric Power 
(MW) 

Electricity to be 
Stored as H2 

(tonnes) 

Base H2 Power 
(MW) 

H2 
Stations 

300,000 1798 56,104 782 748 
 
a single nuclear power plant over a liquid hydrogen-cooled superconducting cable as depicted in 
Figure 2 dispatching 1800 MW as electricity and 800 MWe as hydrogen chemical energy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 Conceptual depiction of SuperSuburb and its power generation and delivery system. 
 

Table VII.   SuperSuburb SuperCable Monopole Physical Parameters (See Figure 2) 
 

Operating Current Density, J 
(A/cm2) 

tSC 
(cm)

Hydrogen Flow Rate
(m/s) 

DH2 
(cm)

Maximum Magnetic Field
(T) 

15, 000 0.05 2 17.5 0.10 
 

It is remarkable that a layer of superconducting tape only 0.5 mm thick surrounding the liquid 
hydrogen transport tube 17.5 cm (nearly 7 inches) in diameter comprising an annulus of about 3 
cm2 in area, is sufficient to carry 45 kA of electric current.  We assume “Generation II” HTSC tape 
soon to be available from several manufacturers will have operational current densities of the order 
17,000 A/cm2 at 77 K in tapes nominally 0.25 mm thick and 4 mm wide available in continuous 
lengths up to 800 meters.  Inasmuch as the operating temperature will be around 21 K, our choice 
of operating current density is very conservative.  About two layers of tape will be sufficient, but 
splices will be needed every kilometer or so and these may present a difficult issue.  Table VIII 
below summarizes these details. 
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Table VIII.   SuperSuburb SuperCable Monopole Minutia and Costs 
 

HTSC Tape Parameters      

Width 
(mm) 

Thickness 
(mm) 

Length 
(m) 

Total No. 
Tapes 

Tape 
Req’d 
(km) 

Approx. No. 
Splices 

Tape C/P 
($/kA×m) 

HTSC 
Cost 
(M$) 

4 0.25 800 ~300 ~80,000 ~100,000 50 591 
 
 
Table IX.   SuperSuburb SuperCable Monopole Thermal Loss Budget Based on Specifications and 
Dimensions from Figure 2 and Table VII  (All units in W/m) 
 

Radiation Flow Friction Addenda Loss 1.0 % Ripple Total 
0.70 0.49 0.20 0.09 1.48 

 
 

Table X.   SuperSuburb SuperCable Monopole Refrigeration 
Requirements Based on Specifications and Dimensions 

from Figs. 2-3, Table VII and Table IX 
 

Temperature Rise 
(K/km) 

Total Rise for 250 
km SuperCable (K) 

Permissible Rise 
Prior to Re-Cool (K)

Total Number of 
Cooling Stations 

Required 
0.045 11 1 11 

Station Spacing 
(km) 

Cooling Power 
per Station 

(kW) 

Cost of Heat 
Uplift ($/kW) 

Per Station 
Cost (K$) 

Total Station 
Cost (M$) 

22.25 32.9 5 164 1.85 
 

We see from Table IX that radiation heat in-leak is the largest thermal load on the SuperCable 
followed by fluid (LH2) flow friction (addenda losses are estimates of other losses, such as support 
thermal conduction, ohmic losses from HTSC joints (trivial), etc.).  However, it is important to note 
that hysteretic losses from ripple go as the third power of the rms current at 360 Hz, and thus 
increase rapidly if filtering is inefficient.  For example, if the ripple is at 3% of 45 kA, it dominates 
other sources and the total heat load almost triples. 

Table X contains performance and cost data in support of the refrigeration infrastructure 
necessary to service the SuperCable.  We note that the cost is almost negligible compared to that 
shown in Table VIII for HTSC wire (at 50 $/kA×m).  Even so, under the assumptions detailed in 
Table XI below, these additional costs over and above conventional power delivery systems can be 
recovered in a reasonably short time. 
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Table XI.   SuperSuburb SuperCable Economic Factors.  Note that the Capital Equipment Costs 
from Tables VIII and X have been doubled to reflect that two monopoles are actually in service. 

 

Cost of Electricity 
($/kWh) 

Line Losses in 
Conventional 
Transmission 

(%) 

Annual Value 
of Losses on 
1800 MW 

Transmission 
Line (M$) 

Additional 
Capital Costs 
for HTSC and 
Refrigeration 

(M$) 

FRB 
Discount 
Rate (%) 

Period 
for ROI 
(Years) 

0.05 5 % 39.4 1185 5.5 % 18 
 

We have assumed throughout this analysis that converter costs for both conventional HVDC and 
the SuperCable would be roughly the same.  Furthermore, we have assumed that the SuperCable 
would be permanently evacuated and have included the cost of re-pressurization (pumping) of the 
liquid hydrogen in the $/W calculation for heat up-lift.  An additional concept deserving future 
consideration is one where the cryogen is liquid nitrogen and the hydrogen is co-transported as high 
pressure supercritical gas at 77 K. 

 
 
CONCLUSIONS 
 
We believe our preliminary calculations presented here demonstrate that the realization of 
SuperSuburbs can be justified on the basis of existing technologies and their costs.  In particular, 
we examined in some detail the capitalization and subsequent return-on-investment for the 
Hydricity SuperCable present an attractive financial opportunity. 

However, having said this, there remain other, non-technical in nature, factors that likely 
override these issues in the actual deployment of the SuperSuburb, or its antecedents and 
derivatives.  Among these are the revival and acceptance of nuclear fission energy worldwide, the 
possible connection of observed global warming to anthropogenic-sourced emissions of carbon 
dioxide, and the desire to meet these with technologies least invasive and harmful to the planet 
ecology.  Should these issues prove paramount to our global common habitat, the SuperSuburb 
concept can contribute to their solution. 
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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.

[image: image1.png][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)


                           [image: image2.png]

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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Figure 2  Integral Diaphragm Pressure Transducer (IDLV)
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Residual stresses in machined components are essentially locked up stresses induced in side the material during various stages of machining.  These stresses in turn induce residual strains which are spread all over the component.  These stresses can cause decrease in strength and durability.  Stress boundary areas are more susceptible to micro cracking which can lead to premature fatigue and even failure.  These stresses induce strains inside the component and can cause premature failure. Cryogenic treatment has been found very effective in releasing these residual stresses.


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


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


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


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


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


STEP 5: Residual stress and hardness measurement 


STEP 6: Cryo treatment (CT2)


STEP 7: Residual stress and hardness measurement


STEP 8: Final machining of the material


STEP 9: Residual stress and hardness measurement


STEP 10: Cryo treatment (CT3)


STEP 11:Residual stress measurement


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

CRYOGENIC TREATMENT SYSTEM


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

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


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


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


RESULTS AND DISCUSSIONS


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


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


		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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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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   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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