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Abstract

A new spinning methodo manufacture the cylindrical parts with nano/ultrafine grained stregtsirproposed,
consistingof quenching, power spinning and recrystallization annealing. Theostiactural evolution during the
different process stages and macroforming quality of the spunmads of ASTM 1020 steel are investigated. The
results show that the microstructures of the ferrites and pearlites ASthgl 1020 steel are transformed to the lath
martensites after quenchinghdmartensite laths obtained by quenching are refined to 87 nm and aasmaiht of
nanoscale deformation twins with an average thickness of 20 gemésated after performing a 3-pass stagger spinning
with 55% thinning ratio of wall thickness, where the equivalent stegjoired is only 0.92.ffe equiaxial ferritic grains
with an average size of 160 nm and nano-carbides are generatelseguent recrystallization annealing at 480 °C for
30 minutes. The spun parts with high dimensional precision and Idacsuroughness are obtained by the forming
method developed in this work, combining quenching with 3-paggestapinning and recrystallization annealing.

Keywords

nano/ultrafine grained structure, cylindrical parts, quenching, pgvireniag, ecrystallizationannealing, small plastic
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1 Introduction

The nano and ultrafine grained structures refer to the materials whosesigeaia ranged from 1 nm to 100 nm and
from 100 nm to 1000 nm, respectively]. It has attracted significant interests in scientific research and industry
applicationdue to its unique mechanical, physical and chemical propd&jeslastic deformation is one of the
important methods to refine the grain structure of metal materials to oraultrafine scale. In order to manufacture
materials with nano/ultrafine structures, severe plastic deformation (SPD) metunth as Equal Channel Angular
Pressing (ECAP]3], High Pressure Torsion (HPT4], Multiple Forging (MF)[5], Accumulative Roll Bonding (ARB)
[6], etc. have been proposed and reportée. IPD processes are characteribgdnducing the plastic deformation on
the same region of material repeatedly. Large plastic strains and complicated mateeisd procedures are requined
the reported SPD procesg&$. However for carbon steel materials, the minimum strain necessary fufanturing
nanocrystalline structures is considered to be around 7~8, aseatppitymemoto[8]. Therefore, the production of
ultrafine grained (UFG) steels by these SPD procdsdigsited at the laboratory scale, and the application of the SPD
methods in industrial applications is extremely diffidalt

Metal spinning belong® a near net-shape forming technoloDwring spinning, a continuous and localized plastic
deformation occurs in the metal blank to form an axis-symmetrical hokotvby means of roller feeding movement
and rotational motion of the mandif@&0-12]. Flow forming, as a power spinning process, can be used to mamafact
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cylindrical parts with nano/ultrafine grained structufé8]. Xia et al. [14] has developed a forming procedure to
produce the cylindrical parts with nano/ultrafine grain structures bygestagpinning and recrystallization annealing
(SA). By using the developed process procedure, the ferritic grétinsgn average initial size of 50n are refined to
600 nm with the equivalent stragf 2.27 (the corresponding thinning ratio of wall thickness is 87%), whichuch
smaller than that of the above reported SPD. However the thinningfatiall thickness will exceed 90% if the grain
sizes are further refined by the SA method, which would causeutliifis in controlling the macroforming quality of
the spun part because of the high thinning ratios induced.

To obtain bulk metal components with nano/ultrafine grained strucforesdustry applicationsthe material
deformation required for refining coarse grains to nano or ultrafile sbhauld be reduced to lower levels, which is not
only necessary in reducing the forming processes required|dmin controlling the macroforming quality.

In the present work, a new forming method to manufacture cidaddparts with nano/ultrafine grained structures by
power spinning with small plastic strains has been proposed and expaliyested. An average grain size of 160 nm
is obtained under the equivalent strain of only 0.92 based on thespforming method. The macroforming quality
of the cylindrical part and the microstructural evolution during thegsed material process procedure are investigated
in details.

2 Development of forming method for nano/ultrafine grained structures
2.1 Overall processdesign

The grain size of materials is closely related to the microstructure of theabrmgaterial, the degree of deformation
and heat treatmembnditions after plastic deformati [15]. Ueji et al.[16] suggested that the fine grained structure of
martensite played an important role in subdivision of microstructureacfueving the ultrafine grain during plastic
deformation. For low carbon steels, the lath martensite obtained by dngert@ds a hierarchical multi-scale of
microstructurs, including packets, blocks and laths, where the packets and block&igavaengle boundaries, which
refine the prior austenite grains greatly during martensitic transformafignyang et al[18] pointed out that the lath
martensite has the finest structure among all microstructures of low cag®sithus the required plastic strain may be
reduced if the lath martensite is used as the initial microstructure to manuthetyrarts with nano/ultrafine grained
structures. Quenching is the best method for refining the migobsre which introducing a large number of
dislocations through heat treatment.

Grains stretch along the deformation directieaulting in fibrous tissue to be foemhafter plastic deformatiorkia
et al.[14] achieved the results of transforming the severe deformed grainkiglithiensity of dislocation to equiaxed
ultrafine grains without distortion by means of recrystallization. Thezefithe method based on quenching, power
spinning and recrystallization annealing is proposed in this studyatwfacture the cylindrical parts with nano
/ultrafine grained structures.

The forming method developed consists of the following stages: fiteycylindrical blanks are austenitized and
then cooled quickly in the quenching medium to form the marteriBiten the 3-pass power spinning process is
performed, which not only to obtain the final required shape of the lpatr also to further refine the microstructure and
improve the density of dislocation. Finally, the spun part withtenaitic structurés subsequently annealed to form the
equiaxed grains.

2.2 Determination of process parametersfor quenching

For the hypo-eutectoid steel, to obtain the fine martensitic structure, the opgetemperature @) is 30~50 €
above Ag, whereAcsis the transformation temperature from ferrite and cementite to austenitig dha@ting. The
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temperatureof Acsfor ASTM 1020 is about 860 °C, therefore, the range of the quemntbimperature jTof ASTM
1020 is 890~910 °C. To improve the hardenability, the temperatorddshe as high as possible. Thereforg,isT
selected as 910C’in this study to obtain the fine and homogenous austenitic grailessdmples are put into a heat
resistance furnace where the temperature is increasgdgoifit A), as shown in Fig 1.

The austenizating holding tima, canbe calculated theoretically by usikg. (1)[19]:

71=Kt (1)

whereK is a coefficient valued as 2.5 min/mins the thickness of the parts. The wall thickness of the cydiaidolank
is 4 mm, therefore, thigolding time is 10 min.

To obtain the martensitic structure, the cooling rate should be quick dguegching. The commonly used
guenching media include water, oil and 5% NaCl solution. The cooling ratpthsinvater or oil as quenching media is
slow at the high temperature zone; while the cooling rate using th&d&g solution as the quenching medium
improves considerably at the high temperature zone. This is due to the fadh¢habt surface of the quenching
workpiece is covered by the NaCl solution, and the steam film t&rwall be ruptured by the precipitation and violent
explosion of the NaCl crystals. Therefore, the 5% NaCl solution is selectesl @setiching media in this study.

—
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Fig 1 Schematic diagram of the heat treatment
2.3 Determination of power spinning process

Flow forming, classified aa power spinning process, is an important method to manufaatliosvicylindrical parts
with thin-walled thickness. It mainly consists of two groupgmicesses, stagger spinning and counter-roller spinning,
as outlined by Zeng et dR0]. Stagger spinning is a traditional power spinning process. Typicatlyptvmore rollers
(usually three rollers) are used during processing, and thareeidain distance between rollers along both the axial and
radial directions, as shown in Fig[24]. Counter-roller spinning is a novel mandrelless power spinning [goces
Typically, one or more pairs of rollers are used during procesaimjthe mandrel is replaced by the inner rollers thus
the mandrel is no longer requiril]. During the counter-roller spinning, the inner and outer surfaceg aftimdrical
blanks deformed simultaneously, the distribution of equivalent steaidsgrain refinement of spun parts obtained by
the counter-roller spinning are more homogengoomparedo the stagger spinninN@1]. However, the martensite is a
type of non-equilibrium structures with high internal stessand theeinternal stressswill be further increased after
power spinning, the distortion will be induced at the deformed ardaeofiorkpiece, especially at the opening area of
the workpiece, as shown in Fig 3. During counter-roller spinning, seligi@tion occurs at the opening area of the
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workpiece after one pass spinning due to no mandrel suppact) wecomesn obstacle of the subsequent spinning
process. Therefore, the counter-roller spinning is not suitablerimirfg of parts with the martensitic structure.

For manufacturing of cylindrical parts, backward power spopisrcommonly used. During backward spinning, the
deformed material at the contact zones is in a state of three-dimensionakssim®rstress, which improves the
formability of the material and beneficial to the refinement of grainsgasted by Xia et a[14]. Therefore, the three
roller backward stagger spinning is adopted in this study.
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Fig 2 lllustration of stagger power spinning.
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Fig 3 Distortion of the spun parts during the counter-roller spinning.

2.4 Determination of process parametersfor recrystallization annealing

The recrystallization temperaturee, Tan be calculated theoreticallly by uskg. (2)[22]:
Te=0Tnm @)

whereod is a coefficient valued as 0.35~0.4,i3 the melting temperature of the material.
The melting temperature of the ASTM 1020 is about 1600 °C, therdfw J.of the ASTM is about 525~600 °C.

As reported, the Jof the spun parts under 87% thinning ratio is 58Q14]. The density of the dislocation and stored
energy obtained by quenching and power spinning is much layetiht ofobtained by the power spinning, therefore,
the recrystallization temperature of the deformed martensite parts should drett@n580 °C. In this study the
temperature range of the recrystallization annealing is selected480no 580 °C. The samples are put into the heat
resistance furnacehere the temperature is increased te(point B), as shown in Fig 1.

The holding time of the recrystallization annealisgselected as 60 minutés the ASTM 1020 spun parts under
87% thinning ratio of wall thickness, as reported by Xia efla]. However, for the spun parts with martensite, the
deformed martensitic structure will be decomposed into double phase retratthe ferrite and cementite during the

4
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subsequent annealing process. The fine and homogeneous cenatititespwhich act as precipitated phase in the
microstructure are necessaoyprevent the growth of the ferrite grains during the annedlihgrefore, to prevent the
carbon agglomeration and growth, the holding time should be shbaterthat of the conventional recrystallization
annealing. The time of the martensite decomposing into ferrite andrtientiee,z», can be calculated theoreticallly by
usingEq. (3)[19]:

T=K+At (3

where, K is time-base, foboxtype resistance furnace, the value is 20 minues a coefficient, the value is 2.5
min/mm; t is the thickness of the workpiece. Therefore, the hotaimgis calculated as 30 minutes shown in Fig 1.

3 Experimental tests
3.1 Test conditions of power spinning

The power spinning experimeist carried out on the HGPX-WSM CNC spinning machifg @) [23], the stagger
spinning device adopted in the experimisrghown inFig 5[14].

The tubular blanks used for the experiment are the annealed seamledslLAAT steel tubes, the dimensions @re
68 mmx4 mmx70 mm, and the microstructure is the ferritic and pearlite griéinan averageaize of 50 um, as shown
in Fig 6.

In flow forming, the double-tapered roller is usually used fomfog the cylindrical blank with the medium
thickness, usually in the range of 2-8 rfitd]. The key geometric dimensions of rollers are determined as fdlla\is
forming angleq,=25°, sleeking anglgg =3°, receding anglg" =30°, roundness radius 6 mm andpolishing belt
lengthl = 1.3 mm, as shown iRig 7.

WEPR—-WSH

Roller

Workpiece

TR EHL R

Fig 5 Stagger spinning devic¢$4].

Fig 6 Initial microstructure of ASTM 1020. Fig 7 Key geometric dimensions of rollef$4].
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3.2 Process parameter s of power spinning

The macroformingjuality and microstructure of spun part are directly influenceithégpinning process parameters.
For stagger spinning, main process parameters influencing the magrafaquality and microstructure of spun parts
are the feed rate of roller f, the thinning ratio per pagswi = (t1 - ti)/ti.a, where t; is the wall thickness of the
cylindrical parts after i-1 passes spinninds the wall thickness of the cylindrical parts after i passes spinrang)the
axial offset a and radial offset{b4].

For flow forming, the optimum thinning ratio per pasdor cylindrical blank power spinning is 30~45%, as reported
by Xia et al.[14]. According to Wang and Li[25], for low-carbon steel, the feed rate of roller should be in the reénge o
0.2~1.0 mm/r. Considering both process efficiency and fayrgirality, the feed rate of roller fis selected as 0.6 mm/r
in this study[26]. The value of the axial offset a and radial offset b (as illustrated i2)Fdgring stagger spinning
should be marched to keep the radial force undertajkezach roller being equilibrated, where the calculated values of
the axial offset @ and as are very close. The value of axial offset should be rounded tosiig iaplemented in the
experiment, so the values of the axial offsetand as; can be selected as the same, as listetabie 1[14]. The
rotational speed of mandrel n has not shown obvious influendeeomacroforming quality, as reported Xia et al.
[27]. Therefore, the rotational speed n is selecteD&/min based on the capacity of the spinning macHidg

Tablel Procesgparameters of stagger spinning

Thinning ratio  Axial offset axial offset Radial offset Radial offset

Pass
vi % a mm b1z mm b2zmm
1 35% 25 0.45 0.35
2 33% 25 0.25 0.25
3 31% 25 0.20 0.20

3.3 Analysis methods of microstructure

To study the microstructural evolutiom manufacturing the cylindrical parts with nano/ultrafine grained structures,
microstructural observations are carried out during all stages of tbesgrprocedures.

To observe the grain morphology of the workpiece, the optical miqugsEM) observation is carried out by the
LEICA DMI 5000M intelligent metallographic microscopehdsamples are etched by the 4 % HND6 % GH1O;
solution, which are cut from the uniform spinning area of thm sgorkpiece. The cutting distance from the opening
area of the spun workpiecge about 15 mm, and the microstructures of the samples alongrtgituldinal section are
observed, as shown in Fig 8.

To observe the dislocation density and grain size of the workpiece witihhaho/ultrafine structures, the TEM
observation is carried out by using a JEM-2100 instrumén@ TEM samples are prepared by the mechanical polishing
to the thickness of 50m, followed by twin-jet electropolishing in 4% HCIG 96% GH.O; solution at 40 °C and 75
V voltages. The corresponding selected area electron diffraction (SAED) pattera&en with an aperture size of 700
nm. The cutting position of the sampldser TEM observation is the sanss that of theOM observation, and the
microstructure®n the surfaces of the samples are observed, as shown in Fig 8.

TEM observaton

15

OM observaton

Fig 8 Samplecut for the OM and TEM observation.
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4 Resultsand discussion
4.1 Microstructural evolution

To reduce the required plastic straim manufacturing cylindrical parts with nano/ultrafine grained structures,
martensite with high density dislocation and refined microstructutesésl as the initial microstructure for power
spinning. Fig 9shows the opticamicrograph of the cylindrical blank after austenitized at 910 °C famitiites and
cooled in 5% NaCl solution. It shows that the microstructure of the ASTAD I transformedrom the ferrite and
pearlite to the lath martensite, but the average grain size of austenite indreas&0um to 100um due to the grain
coarsening during austenitization.

For carbon steels, the martensite start temperature, Ms, can be calculated BEguéin28]:

Ms=520 - (C%)X 320 (4)

whereC% is the carbon content of the material.
The martensite start temperature of the ATSM 1020 steel is 456 °C acgcoodig. (4). The amount of the
martensite transformation is determined by the cooling temperature ane calcllatedy usingEq. (5)[22]:

p=1-exp(- 1.10X 1024T) (5)

whereg is volume fraction of martensitdT is subcooled temperature belove.M

After quenching, the volume fraction of lath martensite is 99% accordifg,.t(5). Three-level hierarchy exists in
the lath marteng structure: martensite lath, block and pdcks reported by Kitahara et f29]. The martensite lath is
a single crystal of martensite with a high density of dislocattmblock is the aggregations of the laths with the same
crystallographic orientatiomnd the packet is the aggregations of the blocks with the same, {falelije in austenite, as
shown inFig 10.

Fig 9 Optical micrograptof the cylindrical blank after austenitized at 9@for 10 minutes and cooled in 5% NacCl solution.

~ A

prior austenite grain boundary

packetboundary

’

bbck

blbck boundary

Fig 10 Microstructural hierarchy of the lath marteng8].
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Power spinning is not only the maiarming procedure to obtain the final required shape of the partsldo can
further improve the dislocation density and refine the grdiigs11 shows the optical micrograph of the spun part after
stagger spinning under 55% thinning ratio of wall thickness, evtter actual thinning ratio of the spun parts is smaller
than that of the designed one (listedTable ) due to the springback of the spun parts. The darkly etched lthe is
prior austenite grain boundaries (GBs). It shows that the martensitics grhithe original isometric crystals are
stretched along the deformation direction. The average hardnessdefdhnmed martensite increases to 520 HV, which
is larger than the average hardness of the martensite before spitting\(). It indicates that the martensitic structure
is hardened considerably after power spinning.

Prior austenite grain

/ boundary

— .'\l 5 % "’\ ', i |
= = i W

Fig 11 Opticalmicrograph of the spun part after stagger spinning under 55% thiratiog

Fig 12 shows the TEM micrographs of the spun part after staggeirgpunder 55% thinning ratio of wall thickness,
the white arrow indicates the deformation direction. It shows that the striectures with many non-equilibrium grain
boundaries are distorted severely, and the distinctive contrast inainergeriors indicates that the high level internal
stresses and elastic distortions exist in the crystalline lattices. The martensiteitathggh density dislocation are
elongated along the direction parallel to the deformation (Fig 12(a)) and begtth&direction perpendicular to the
deformation Fig 12(b)). Inside the martensite lath, the lath is divided to ultrafine redigrihe dislocation wallg-(g
12(a). The average thickness of the martensite laths paralleling to the deformatidiomliiecefined to 87 nm, as
shown in Fig 12(a)Fig 12(a) also shows that many arc-like points are contained in the SAfErpwhich indicates
that large number of high-angle boundary exists within the selett@itiareas.

Nevertheless, the deformation of the martensite during spinningamodeneous due to the different orientations of
the slip system. Fig 12(c) shows the microstructure of the nsitdemearing the block boundary after spinning. The
broken red line in Fig 12(c) refers to the block boundary and tharred refers to the orientation of the laths. It shows
that the degree of refinement of the martensite laths on thef lgfe dlock boundary is much larger than that of the
right. This inhomogeneous deformation may originate from the diffgmaam orientations of the slip system. The slip
system of the martensitaths on the left is located in the soft orientation. Therefore, it deforrer easl earlier than
that of the martensite lath on the right, which the slip system is locatled irard orientation.

Fig 12(d) shows the microstructure of the martensite nearing the pamkeddry after spinning. It shows that the
irregularly bend of lamellar martensitic structure occurs due to the restrictiba packet boundaries.
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(a)
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Fig 12 TEM micrographs of spun part after stagger spinning under 5bfirtlg ratio: (a) Refined lamellar structure of
lath martensite, (b) Bent lamellar structure of lath martensite, (c) Lamellatust nearinghe block boundary, (d)
Irregularly bent lamellar structure nearing the packet boundary, afdif® in the deformed martensitic structure.

In addition to the dislocation slip and pile-up, some nanoscale defornmatios also can be observed in the
deformed lath martensite, as shown in Fig 12(e). It shows thdhith deformation twins with an average thickness of
20 nm are generated in the microstructure after power spinning under 55%dhiatio of wall thickness. Dislocation
slip is the dominant mechanism of the plastic deformation and twinnirggely occurred at room temperature for the
material with high stacking fault energy, such as carbon steel. Howegkrdislocation density and high internal
stresses exist in the microstructure of the deformed martensite. The dislatigtibacomes more and more difficult
during stagger spinning due to the fact that the slip resistance of the titisldoareases with the increasing of the
density of dislocation. The twinning occurs inside the grains distréss concentration at the local distorted grain
boundaries (GBs)30]. Similarly, nanoscale deformation twins are usually observedtinahoscale coppea (haterial
with low stacking fault energy) manufactured by SPD, as reported by &lu31].
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Although the nano/ultrafine grains and sub-grains can be obtaigequénching and power spinning, the
microstructureof spun part with the high density dislocation and the deformatiors tis non-equilibrium. Therefore,
the recrystallization annealing is necessary to obtain the equiaxed ultrafine withiout distortion.

Fig 13 shows the optical micrographs of the spun part after recrystallizatimaling at 430~580 °C for 30 minutes.
It shows that the recrystallization is not completed when the annealing tempeasatat 430 °C (Fig 13(a)). The
stretched martensitic grains formed during the spinning are disappmadtetthie homogeneous refinement grains are
generated when the annealing temperature increases to 480 °C (Fig TB¢bgrains size increases rapidly after the
annealing temperature increases to 530~580 °C (Fig 13(c) and F)y. 13(d

s 7 . Py M e 3 AL ' P
FEPERTT A bk P 7 R N e P R
Fig 13 Optical micrographs of the spun part after recrystallization annealing at veiopsratures for 30 minutes. (a)

430 °C, (b) 480 °C, (c) 530 °C, and (d) 580 °C.

Fig 14 shows TEM micrograph of the spun parts under 55% thlgrmaitio of wall thickness after recrystallization
annealing at 480 °C for 30 minutes. It shows that the martendite da¢ disappeared, the equiaxed ultrafine ferrite
grains with an average grain size of 160 nm are generated and the nadescare homogeneously precipitated in the
GBs.

Fig 14 also shows that the SAED pattern of the spun part aftestatipationannealing contains many arc-shaped
spots, which indiakes that the boundaries with various misorientation angles exist at the tinyesekea. The
hardness of the spun part decreases to 316.4 HV and the GBs becorlye viddae, which indicates that the
dislocation density of the microstructure decreases considerably andgkihg internal stresss are released. Low
density of dislocation inside the grains implies that the recrystallization isletthp

10
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Fig 14 TEM micrograph of the spun part after recrystallizatmmealing at 480 °C for 30 minutes.

_,_ 2 1
The equivalent strainf (& = —=In ————, wherey, is the thinning ratio of wall thickness) is only 0.92 (the

\/é 1- Vi
thinning ratio is 55%) for the manufactarcylindrical parts with an average grain size of 160 nm in this siliug.
required plastic strains are much less thantigahe SPD and SA methods.

The lath martensite has the hyperfine microstructures and high densigatdmis, where the packets and blocks
have the high-angle boundaries. The cellular substructure is generated deenioothogeneous distribution of the
dislocation. The microstructure is further refined and many highggrregions are generated after the power spinning.
Therefore, the hyperfine microstructure with a high dislocation dengitytmned energy can be obtained by quenching
and power spinning, the refinement degree of grains and ttsityden dislocation are much larger than that of the
plastic deformation under the same plastic strain.

The lath martensite in the ASTM 1020 obtained by the quenching is tleesatyrated solid solution of carbon,
which becomes more instable after power spinning. The carbon willdo@ipated in the form of cementite, and the
martensite will be decomposed into the double phase struatfirdse ferrite and cementite after the subsequent
annealing proceg82]. A large number of dislocations and high stored energy as well aallbasnount of twins are
introduced into the microstructure after quenching and spinning, as shokig 12. It provides large number of
nucleation site in the high-energy regions and driving force ohgpaiwth during the recovery and recrystallization
processe$33], which contributes to the decompamn of the martensite and the nucleation of ferrite and cementite
grains. On the other hand, the cementite precipitated in the GBs prevenvitie afrferrite grains, which contributes
to the creation of the nano/ultrafine ferrite and cementite grains. These araitheeasons of the grain refinement
leading to the nano/ultrafine scdlg small plastic strain.

4.2 Macrforming quality of spun parts
The whole spinning process has been performed successfulitatpger spinningFig 15 shows the workpieces

formed after different process stages. Yang e{l#l] experimentally verified that the thinning ratio during power
spinning cannot exceed 60% to avoid the crack defects due to thedtltydof the quenched workpiece.

11
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(@)

Fig 15 Workpieces formed after different process stages: (a) quenchjrapifiming (#= 55%), and (c) annealing.

The relative wall thickness deviatiah) ovality &, straightnessseand roughness Ra are important indexes to evaluate
the macroforming quality of spun parts, as reported by Xia[@6&l.

The wall thickness is measured at every 20 mm along axial directionsdralohg circumferential direction of the
cylindrical part, as shown ikig 16. The relative wall thickness deviatidnis defined as the ratio of the difference
between the maximum and minimum wall thickness of spun parte tmittal wall thickness of blankdE& (tmaxtmin)/to
X100%, where,utax is the maximum wall thickness of spun parts, is the minimum wall thickness of spun pargss t
the initial wall thickness of blank). The ovalitya a certain cross section of the workpiece is defined as the difference
of the maximum and minimum diameter of the workpiece at the crossrgetttam the ovality gof the workpieces
means the maximum ovality at arbitrary cross sectigani@x(Dmax-Dimin), DimaxiS the maximum diameter of the
workpiece at the ith cross sectionmBis the minimum diameter of the workpiece at the ith cross sedtdf) The
straightness s@s defined aghe distance of the two nearest parallel planes, and the arbitrary generatix auter
surface of the workpiece is located between these two pjadgsas shown in Fig 1 &vhere the dotted line indicates
the theoretical generatrix on the outersurface of the workpiec€, &, G are the measurement positioof the
straightness (Fig 16(b))¢4s the distance between the point of generatrix on the outersuffacekpiece and the axis
of workpiece.

(b) A

Fig 16 Distribution of the measurement points of the wall thicknessax#&l direction, and (b) circumferential
direction.
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Practicalgeneratrix on the

| outersurface ofthe workpiece
| e
= .// ————— [ R— EF
= I //./
=  m e %G
1]
Straightess es Theoreticalgeneratrix on the
outersurface ofthe workpiece

D istance from the bottom ofthe workpiece /mm

Fig1l7 Measurement of the straightness of spun workpiece.

Table 2shows thecalculated indexes of the macroforming quality after different prostegges. It shows that the
relative wall thickness deviationt of the workpiece decreases after stagger spinning. The changealitf e and
straightness s0f the workpieceare negligible after the quenching and spinning, but they incrdaglys after

annealing due to the release of the internal stresbesufface roughness improves greatly after spinning but becomes
slightly rough after recrystallization annealing.

Table2 Evaluate indexes of the macroforming quality of workpiece under differeness stages

Evaluate Relative wall thickness  Ovality Straightness  Roughness
i deviation e/mm e/mm Ra/jum
Al%
Quenching 6.4 0.20 0.08 3.58
Spinning 4.5 0.20 0.11 1.27
Annealing 4.5 0.26 0.15 1.63

5 Conclusions

A newforming method to manufacture cylindrical parts with nano/ultrafiieéned structurelsy small plastic strain
is developed in this studfn experimental investigatias carried out to draw the following conclusions:

(1) The developed new manufacturing method consists of quengiower spinning and recrystallization annealing
to achieve nano/ultrafine grained structures in cylindrical parts. The equistin required for the power spinning is
only 0.92, corresponding to a 55% thinning ratio of wall thickness.

(2) The martensite lath obtained by quenching elongates along the padreliibd of the deformation and bends
along the perpendicular direction of the deformation during spinnihg.ldth is divided into the ultrafine regions by
the dislocation wall after stagger spinning.

(3) The average thickness of the martensite laths are refined to 87 na smdll amount of thin nanoscale
deformation twins with an average thickness of 20 nm is generatedqaéieching and stagger spinning under 55%
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thinning ratio of wall thickness. The dominant mechanism of plaformation of the martensitic structure is
dislocation slip, combied with a few of the twinning during power spinning.

(4) The equiaxed ultrafine ferrite grains withaverage grain size 460 nm are generated and the nano-carbides are
precipitatedn the grain boundaries after recrystallization annealing at 480 °C fmirB@ies when the equivalent strain
is only 0.92.

(5) High dimensional precision and low surface roughness of pptts can be obtained by the proposed method.
The relative wall thickness deviatiahof the workpiece decreases after stagger spinning. The ovaityl etraightness
esof the workpiece have negligible changes after the quenching and gpimhim surface roughness decreases greatly
after spinning.

(6) The spun parts with nano/ultrafine grained structures are mamaf@cuccessfully. The further study should
focus on the influence of microstructure on mechanical properties sptimeparts to manufacture parts with both high
strength and good ductility.
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