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In this paper, an overall review of tribological issues in the tube hydroforming process is
presented. Guidelines for the selection of lubricants under the hydroforming process
conditions are summarized following a description of existing testing methods and appa-
ratus. A methodology of combined experiments and FEA was presented to determine the
coefficient of friction in the hydroforming process in addition to selecting a proper lubri-
cant for a given part and process design. Experimental results showed that thickness of
the final part at critical regions, amount of axial feeding and axial force are strong
indicators of lubricant performance whereas effect of lubrication on the part flatness,
corner radius formation and box dimensions are found to be negligible.
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1 Introduction once a hydroforming systerti.e., part, tooling and processs
designed and manufactured, the overall performance of the tribo-
d gical system can be controlled and tailored to the desired con-

increasing interest to other industries as well. The increased intgfions by selecting an appropriate lubricant for a given case. An
est stems in part from the fact that, through the THF proces¥PPropriate lubricant can effectivelp) separate work-piece and
manufacturers are able to produce complex shaped parts wWiif Surfaces to protect die surfacés) reduce interface friction,
lightweight and fewer welds, Fig. 1. Advantages of hydroformingf) help material flow to achieve complete cavity fillirig) obtain
include potentially reduced tooling costs, reduced finishing codt@rts with required thickness specificatidinsduce thinning (e)
on formed parts, excellent material utilization, fewer operationBrolong die life by reducing wear and contact stregSesl0].
and improved part quality. In the tube hydroforming process, a Effect of friction and different lubricants on formability and
blank tube, straight or preformed, is shaped in a die cavity througptend of protrusion height of a hydroformed part was described
the application of hydraulic internal pressure and simultaneolfsvarious studies beginning in the 19701d]. Limb and his team
axial compressive forces from both ends as depicted in Fig. gerformed bulge forming of tubes of different materials with
More details about the basics of hydroforming process can bbanging wall thickness. They reported that increasing the internal
obtained from[1-4]. pressure gradually during the application of axial load gives the
In this paper, a general review of the tribological system in thigest results on thinning and complete filling. Thickening of tube
tube hydroforming process is presented in Section 2. In Sectionvgll at feeding zone was also mentioned due to the friction be-
general industrial guidelines for the selection of an appropriat&een tube and die surface. In addition, experimentation of differ-
lubricant for a given hydroforming application are provided. Reent lubricants such as PTFE film, colloidal graphite and Rocol
cently developed laboratory testing apparatus at various resealR:ir.D. spray were carried out. In case of insufficient lubrication,
institutes and their principles are explained in Section 3. Resuitiv Tee protrusion heights were obtained as well as a bulged
of the experimental work for hydroforming of a structural autoprotrusion area resulted instead of a fully formed and flat area.
motive frame part using different lubricants are presented in Segth proper lubrication, it was reported that a flatter bulging of
tion 4. Finally, a methodology for determining the friction coeffithe Tee protrusion was obtained. Later, Limb et al. used oil as
cient comparing FEA simulation results with experimentghressurizing medium in their experiments to investigate the form-
findings is described in Section 4. ing of copper, aluminum, low carbon steel and brass Tee-shaped
tubular partg12]. Results of lubricant and material evaluations
2 Tribological System in Hydroforming were reported in terms of protrusion height attainable. As reported
) ) ) by Ahmed et al., Hutchinson carried out experimental studies to
One of the various important part, process and tooling parafgyestigate the effect of different lubricants on bulging of tubes
eters of hydroforming process is the tribological system. Tribgq 31
logical system in hydroforming consists of the following elements |, by groforming, boundary lubrication governs the friction con-
or factors:(a) Surface conditions of tube and dig) contact area yiions As the internal pressure increase, the area of contact at the
?nbd assgcg:}ted st?te_‘ cl’f stre((fstﬁ)rgssureéd) s_hd:ng velocny,((_a) interface also increases and sticking friction may become domi-
ubeé and die materiais an eir mechanical properfigsdie nant. When the lubrication film is thick to separate asperities on

coating,(g) positioning of the parting line, an@) lubricant. Since .y, and workpiece, friction is lowthick film regime. But,

most of the above factors are embedded and difficult to chanﬁ]els leads to rough surface conditions on the formed part as plastic

s ) o . o deformation of the workpiece surface is limited. When, the lubri-
Contributed by the Manufacturing Engineering Division for publication in the” . X . . . . .
JOURNAL OF MANUFACTURING SCIENCE AND ENGINEERING. Manuscript received  cation film is thin, asperities on tool and workpiece have an in-
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The tube hydroforming proces§HF) has recently found a
wide application opportunity in the automotive industry, and is
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Fig. 1 Sequence of forming operations in a typical hydroforming process, (b) Some automotive parts
candidate forming with hydroforming

face finish, it causes an increased friction that results in toof aluminum alloys. Excessive galling results in scratching and
surface wear out, lower tool life, higher forming loads, and largeearing of the part in severely strained arfh8,9,30—32 Struc-
equipment requiremen{s,9,14. tural frame parts with particularly long and varying cross-sections
Even though, in reality, friction conditions vary with locationrequire substantial axial feeding in order to form into die cavities
and time during the forming process depending on surface pregthout much expense of excessive thinning at the expanded re-
sure, sliding velocity, surface topography and temperature, @gons. Substantial cross-sectional changes from round-like to rect-
modeling of the forming processes constant friction models hamagular shapes demand minimum resistance against corner
been widely used. Coulomb friction model has been used to rdprming and material movement. Friction issues for such cases
resent the friction conditions in sheet metal form[i§—22. Ac- become very critical for the successful and defect-free forming
cording to the Coulomb friction law, the tangentidtictional) of the parts. Selection of an appropriate lubricant and die coating
stress(7) is proportional to the normal stress{) at the interface is essential to overcome sliding friction, prevent sticking and
as follows where the proportionality constant is called the frictiogalling to reduce tool wear, axial forces and excessive thinning
coefficient(w). [1-4,19-22
Prier et al. identified different friction zones on a typical hydro-
p=—=— 1) froming process depending on the effects of axial force, feeding
Fn oq and geometrical aspeci8]. These friction regimes and conse-

S h " ted to develop techni to introd uent friction coefficients continuously vary with location and
ome researchers attempted to develop techniques to INrodiefs The surface pressure, sliding velocity, and state of stress and
varying or adaptive friction models into finite element modellng

¢ | metal f H d Wil trod train were identified to be different in these zones as follows
of several metal forming processes. Hsu an Ison introduc ig. 2): (a) Guide zone(b) Transition zone(c) Expansion zone.
such a technique to simulate an axisymmetric stretch forming pr,

cess[23]. Hsu and Lee later extended the same technique for t ethese three zones, the following conditions prevail:

simulation of a simple upsetting procggsf] so did Guerin et al. ¢ Guided Zone: Friction in guided zone is high. Tube and die
[25] using a different method. Behren et al. implemented an adap- surfaces are in contact under pressure and straight axial com-
tive friction model into the simulation of a multi-stage forging pression. Axial movement of material is very rapid compared

procesqd26]. to expansion zone. Material movement rate may vary be-
Topography of tool and tube plays an important role in tribo- tween 50—100 mm/sec. Very little expansien5%)
logical mechanism of hydroforming proceg$4,27-29. Espe-  Transition Zone: Deformed part and die surfaces are in con-

cially, it is necessary to understand the effect of varying surface tact under pressure and a tri-axial state of stress exists. Ma-
roughness of a part undergoing a heavy cold working with chang- terial movement rate is slow compared to guided zone. Slid-
ing state of stress in hydroforming. At the early stages of the ing velocity smaller than that of the guide zo(i®—-30 mm/
process, there are peaks and valleys at the contact surface. Hence,seg, but still appreciable,

friction conditions are severe as lubricant is trapped in this ruggeds Expansion Zone: Substantial expansion under bi-axial
surface structure, and may not help separating the die and part stresses where axial feeding is negligible. Material movement
surfaces. As pressure increases, part is deformed into given shape,in circumferencial direction is dominant compared to negli-
and asperities begin to disappear. As a result, friction condition gible axial movement. Tensile stresses are prevalaxial
becomes less hostile in terms of surface, however since the sur- and hoop direction Sliding velocity is smal(<10 mm/se,

face pressure is increased an overall increase in the friction coef- Surface expansion is large-20%).

ficient is observed. Friction coefficient at low-pressure levels is

found to be higher than friction coefficients at high pressures Selection of Lubricants for Hydroforming Process

[8,9]. and Testing Methods to Determine the Friction Coeffi-
Hydroforming of aluminum may bring additional challenges as.

surfaces of aluminum alloys are covered with a thin and haﬂ:\dentS

oxide layer. Breakage of this layer die to heavy cold working For a given set of die and tube materials, surface and loading
during deformation of the part surface would expose additionabnditions, selection of an appropriate lubricant is essential to
and unexpected surfaces to the contact mechanism. Since ttmsrcome sliding friction, prevent sticking and galling, reduce
additional surfaces are not lubricated properly and sufficientligol wear, axial forces and excessive thinning to produce a sound
they may cause harsh contact conditions resulting in excessamd acceptable hydroform part. An effective hydroforming lubri-
thinning and early fracture of the part. The build up of particles ocant should be selected based on the following criteria
the tool surfacéi.e. galling particularly of concern in the forming [1-4,8,9,33-3b
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Fig. 2 Schematic of hydroforming of a simple bulge, and various friction zones in a
typical hydroforming process

« Performance during bending, pre-forming and hydroforminghey are found to be more expensive than wet lubricants when
stages: Lubricity to reduce sliding friction between toolinglrying time, application and removal process and their original
and tube surface costs are added. On the other hand, cost of wet lubricants is lower
Durability under high pressure values up to 6—15 ksi at th@an dry lubricants. They are relatively easy to remove. But, ap-
tube-to-tooling interface to prevent sticking and galling  plication of wet lubricants requires care, and is not completely
Minimum abrasivity to reduce tool wear suitable for automation. Compatibility with forming fluids is an-
Compatibility with hydroforming fluid, rust prevention me-other issue. Most importantly, they do not perform as well as dry
dium, cutting fluids and other environmental requirementfibricants do. Hence, a compromise must be made depending on
Incompatible lubricants would increase the frequency anfle part complexity and quality requiremen&9,33—35.
hence the cost of filtering of the forming fluid. It may damage until recent years, there have not any reported testing methods
the hydraulic system. . . ~_ or equipment development to measure or evaluate friction in tube
Ease of application: Automation of the lubricant applicatiomydroforming process. In order to facilitate the modeling of the
is essential for reducing the cost per part and for a consistgfibcess, usually a friction coefficiefin case of hydoforming and
use ) ) ) ) sheet metal forming processes, Coulomb friction coeffigibas
* Ease of removal: Cleaning with washing fluids. There shoulg) pe assumed in FEA. In order to determine reasonably accept-
not be any residues left on the part as these may adversglje friction coefficients, various testing methods and apparatus
affect post-hydroform operations like welding and cutting for each regime have been already developed or suggested by
Cost: Considering all aspects such as lubricant cost per paftrioys institutes as of today. Schmoeckel demonstrated the use of
application and removal system cost and cost of washing fliiction testing in a guided zone where basically a tube is pushed
ids, cost of filtering the forming medium, etc. at various sliding velocity through a round die cavity while pres-
There are many lubricants that are used currently or thought3grized internally{8,3€]. Figure 3 depicts the basic schematic of
be suitable for hydroforming operations. These lubricants can Bds apparatus. Friction coefficients of different lubricants and ma-
broadly classified as follows(a) Dry lubricants: borax-based, terials under internal pressure levels could then be obtained with
soap based or polymer-baséb), Wet lubricants: oil-based, water- such a method. Dohmann suggested a Tee-shape tooling to mea-
basedc) Paste lubricants. Dry lubricants are usually found to beure friction coefficient at transition and expansion zof@s
more effective in terms of performance to reduce friction an@ther researchers conducted pin-on-disk or twist tests to rank the
increase tool lifg30—32. Their application can be automated taperformance of different lubricants suggested for hydroforming
yield consistent lubrication thickness with proper instrumentatioapplications[33,34). As a result, all parameters affecting friction
Such an application system even can be installed just after tutnditions should be improved for an overall success in hydro-
rolling operation. This would result in a clean and cost effectivéorming. Dalton proposed the use of a square die to rank lubri-
lubrication practice as it could eliminate one of the steps in hgants according to their performance at calibration Z&38. Al-
droforming shop floor. Savings in terms of shop floor spacégn and his group at OSU have been developing tooling and
cleaning, safety, process delays, compatibility with environmentaisting methods covering all friction regimes in the tube hydro-
regulations, and etc. should be considered as further advantage®uohing process. Their first tooling is very similar to the one sug-
dry lubricants[33—35. Drying time is very crucial for dry lubri- gested and used by Schmoeckel. Their second tooling is a varia-
cants as inappropriate dry time and environment may cause tioh of Dohmann’s method and tooling. In this one, they utilize a
only ineffective lubrication but also be harmful to the hydrauli¢ooling with a pear shaped die cavity instead of a Tee protrusion
system. Moreover, their removal requires special washing fluid87]. Height and thickness variation along dome of the pear shape
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Fig. 3 Some of the existing friction testing apparatus for hydroforming. (a) University of Darmstadt’s testing
tooling for guiding zone friction measurements [8,36], (b) OSU's test tooling for guiding zone friction measure-
ments [37], (c¢) OSUr’s test tooling for expansion zone friction measurements [37]

is used as an indication of lubrication’s performance and to deteadii, etc. Hence, a systematical experimentation supported and
mine a coefficient of friction via FEA comparisons. Vollertsercompared with FEA simulations, as outlined in this paper, would
suggested use of a tube upsetting test under hydraulic pressurenhfelp manufacturers to eliminate tedious, lengthy and costly testing
measurement of coefficient of friction under hydroforming condief different lubricants for every part type. Instead, manufacturers

tions[38] can capture the knowledge of lubrication and friction through only
) ) a limited number of experimentation and exhaustive computa-
4 Experiments on a Structural Automotive Frame tional analysis saving time, money and other resources.

Even though the methods and testing apparatus described in thE0Ur (4) lubricants of different types are tested in hydroforming
previous section found to be useful in determining the frictioff @ Structural part. While all the elements of the process, part and
coefficients and ranking lubricants, manufacturers of hydroformé@0ling were controlled to be the same, only lubricant type was
parts(OEMs and suppliedsstill hesitant to use these findings rightchanged in the experimental plan for this study. In order to inves-
away without further testing for particular parts under productiotigate the effect of initial thickness on the performance of lubri-
conditions since selection of lubricants for mass production al§@nts, tubes with two different initial thickness values were used
requires cos{in terms of lubricant, application, removal, filter-(i-e.t,=3 mm and 4 mm Table 1 tabulates these lubricants and
ing), compatibility and environmental justifications as explainetheir brief specifications. All tubes were of the same material
before. Manufacturers are required to perform in-house testing &CS 1008 with an initial diameter of 100 mm and initial thick-
several lubricants during prototyping for each particular part taess values of 3 and 4 mm. All tubes were cleaned before appli-
ensure the required dimensional specifications of the actual pat@ion of lubricants as bending, pre-forming and hydroforming
under production conditions before they can start mass prodaes were also cleaned before and after testing of each lubricant
tion. Wall thickness, flatness and radius specifications need to $®. Lubricants of dry, wet and paste types were applied manually
verified with specified values determined for NVH and crash réy the same technician on to tubes before bending process accord-
quirements of a vehicle. These tests cause delays in product I&#zgito the specifications provided by the lubricant suppliers. Be-
times and increase the cost of development. In this paper, expéneen testing of each set, extra tubes with the next lubricant type
ments and their results on an actual structural frame rail, as deere formed in order to achieve steady state conditions of the
picted in Fig. 4, are presented following an FEA study for comhydroforming system. A sample size of thré®} was used in the
parison to determine the friction coefficients for each lubricant fanalysis of the data.
future use. The structural frame part and tooling selected for thisThe followings were measured on each p#&a: thickness at
study possess various characteristics of any hydroformed ptmtee different critical regions identified previously after experi-
such as multiple bends, radical changes in cross sections, tigigntal trials and FEAthese critical regions are depicted in Fig.

D,= 100 mm ",
= Sdmm

e

Lo 550 mm— l

Fig. 4 Structural hydroform part used this experiment and overall dimensions
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Table 1 List of lubricants used in the experiments final part thickness becomes more visible on parts with larger
initial thickness valudi.e., 4 mm compared to parts with 3 mm

# Type Specifications of initial wall thickness. Lubricants 2 and 1 not only provided the
Lube 1 Wet Water based, pre-emulsified, contains solid  least amount of thinning but also the least variation of thickness at
lubricant, chlorine & sulfur free all regions. Hence, they are more likely to provide a robust pro-
Lube 2 Dry Water based, air dried, contains pressure duction process than other lubricant tested.
resistant substances Figure 6 depicts the effect of lubricant performance on axial
Lube 3 Wet Synthetic, water soluble, high viscosity 9 - p - i p s e
Lube 4 Paste Off-white paste form, can be diluted with wateiorce requirement and feeding capability. As seen from this figure,

parallel and in accordance with what observed on thickness com-
parison charts, Lube @ry lube offers the largest axial feeding
capability (when total of right and left axial feeding values are

4), (b) difference between part and tube length) flatness at comparedlwhile requiring the least amount of axial force on both
various regions(d) corner radii at various locations on the partcylinders. This is exactly what should be expected from a good
(e) box dimensiongheight and width, and (f) amount of axial lubricant with low coefficient of friction. Similarly, Lube 2 would
force. Thickness measurements were performed using an ultpg-the second best option in terms of feeding capability and force
sonic device. For verification, some parts were cut into sectiorigguirements. Similar to thickness comparisons, thicker tubes pro-
and measurements with a micrometer were conducted at the safi§es a better discrimination of lubricants as axial force measure-
regions. Both methods were found to give similar results within @ents on parts witht{=3 mm) are very close to each other re-
deviation of 3—4%. Rest of the measurements was performed @grdless of cylinder, Fig. 6. Comparison of deviations in box
ing the ultrasonic measurement method as it was found to Bédth & height, flatness and corner radius with respect to de-
friendly and faster. Flatness, box height and width and radius m&dgned or desired values at several regions did not reveal any
surements were performed on a CMM machine. The length tfdication of a superior lubricant over others, hence only overall
initial tube and final part were the easiest to measure. It wayerage values of these responses are presented in Fig. 7.
recorded to compare the amount of total axial feeding for each set - - - .
In addition to tﬁe above responses, the foIIowings were alsg" rediction of Coefficient of Friction (u) Comparing the Ex-
checked and recorded for comparison purpog@sapplication of perimental and FEA Results. FEA of the same experimental

lubricants and associated difficulties and problefnscleaning of conditio_ns(i.e., geomet% matg_rial, Iqadip}gverel_c_ct)ngllzjgtedc}‘orLS
lubricant after hydroforming, antt) die galling and residues on €9MParson purposes. Three-dimensional, explict code Lo-
die surfaces. DYNA was used for computer simulations. Shell elements were

used in modeling of the structural part while dies and punches
Experimental Results. Figure 5 illustrates the thickness meawere assumed to be rigid. Figure 8 illustrates the FE model, a
surement comparison at Regions B, C, D for fedrlubricants on typical forming sequencébending, preforming and calibration
parts with two different initial thickness valuése. t,=3 and 4 stagegas well as thinning and thickness distributions on a typical
mm). Around 100 thickness measurements with ultrasound devisenulated final part. Table 2 presents the material and process
were conducted on webs and tension flanges at each region. Thaditions used in the simulations. All conditions were kept the
average and the lowest values of these readings for each lubricsarine except friction coefficient. As seen in Fig. 8, critical expan-
at each region were compared here. Dry l(bgbe 2 offered the sion regions were verified with FEM simulations. After each
least amount thinning compared to the rest of the lubricants at simulation, minimum thickness values at three different critical
regions. Water-based wet lubricaiube 1) comes after dry lube regions(B, C, and D were compared with experimental measure-
regarding the thinning performance. Effect of lubricant on thments in accordance with the flow diagram in Fig. 9. Comparison
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Fig. 5 Comparison of minimum thickness measurements in regions B, C, and D for respective lubricants. Tubes
with two different initial thickness values (3 and 4 mm) were tested. Lubricant 2 offers the least amount of
thinning when all regions and different initial tube thickness conditions are considered.
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Fig. 6 (a & b) Comparison of axial force readings for respective lubricants on parts with two different initial tube
thickness values. (c) Comparison of punch positions  (not real feeding ) for parts with initial thickness of 4 mm. Lube 2
performs the best in terms of the smallest force requirements and largest total axial feeding capability.

of the minimum predicted thickness;J and minimum measured row zones and minimum of the overall regions were performed.
thickness {.) values at three different critical regioB, C and Whenever a coefficient of frictiof) in FEA resulted in thickness

D) was used to determine an appropriate coefficient of friofign predictions within 5-10% error with respect to measured thick-
for the respective lubricant, Fig. 9. Comparisons at individual naness values, respectiyg) was accepted as a representative value
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Fig. 7 Comparison of (a) overall box dimension (height and width ) deviation at all regions. (b) Comparison of
flatness at Region B and Region C  (c¢) Comparison of overall radius deviation at all regions. None of these measure-
ments indicates a clear result.
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Fig. 8 (a) FE Model, (b, c, d) forming sequence, (e) thinning and (f) thickness distributions on a typical
final part

for the lubricant used in that set of testing. Satisfactory matchirmgoss-check is required to see whether, under similar circum-
of thickness predictions at these three different but critical regiostances, predictegk) would result in the same thickness predic-
was found to be reasonably and practically enough to estimate thwns using different FEA software.

value of (u). Note that value of ) may slightly differ between  Through this trial and error scheme, a narrow range for coeffi-
different FEA codes depending on their element type, solutiarient of friction (CoP for each lubricant was estimated as tabu-
method and most importantly selected contact algorithm. Hencelaged in Table 3. Such predicted CoF ranges, then, can be used in

Table 2 Material and process conditions used in FEA of the hydroform part

Material Conditions Process Conditions
K 480 Mpa t, sec 0 1 2 3 8 16 20
n 0.16 Pi, MPa 0 6 20 30 80 100 130
YS 200 Mpa dag, mm 0 5 11 35 64 75 82
Do 100 mm dggne, mMm 0 7 12 48 82 104 110
to 3&4 mm ity KN Max. 2800 kN
Lo 2200 mm Fagne, KN Max. 2800 kN
Experiments t
€ c
ompare
\ te: te
@B,CD | | within 5-10 % Accept {1
regions
te /

FEA

Out of 5-10 %

Assume new H

Fig. 9 Methodology used to predict coefficient of friction based on measurement values and FEA results
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Table 3 Predicted coefficient of friction after comparison of [6] Schey, J. A., 1983Tribology in Metalworking, Friction, Lubricant and Wear

experimental measurements and FE simulations planned in ac- ASM, Metals Park, Ohio.
cordance with scheme outlined in Fig. 8 [7] Le, H. R., and Sutcliffe, M. P. F., 2002, “Measurements of Friction in Strip
Drawing Under Thin Film Lubrication,” Tribol. Int.35, pp. 123-128.
# Type Predicted Coefficient of Friction [8] Prier, M., and Schmoeckel, D., 1999, “Tribology of Internal High Pressure
Forming,” Proc. of Int'l Conf. on HydroformingStuttgart, Germany, October
Lube 1 Wet 0.08-0.09 12-13.
Lube 2 Dry 0.04-0.05 [9] Meyer, W., and Dohmann, F., 1997, “Tribology in Internal High Pressure
Lube 3 Wet 0.12-0.14

Forming” (in German, Blech Rohre Profile, 36—39, October.

[10] Kraan, D. J., 1981, “Metal Forming Oils,” Tribol. Int14, February, pp. 29.
[11] Limb, M. E., Chakrabarty, J., Garber, S., and Mellor, P. B., 1973, “The Form-
ing of Axisymmetric and Asymmetric Components from TubBybceedings

of the 14th Int'l. M.T.D.R. Conferencep. 799—-805.

; ; : : ; ; :_ [12] Limb, M. E., Chakrabarty, J., Garber, S., and Roberts, W. T., 1976, “Hydraulic
future hydr_of_ormlng simulations |nvoIV|n_g t.hat partlcu_lar lubri . Forming of Tubes,” Sheet Metal Industries, November, pp. 418—424.
cant or a similar one as almost no quantitative tribological data i85

Lube 4 Paste 0.19-0.22

Ahmed, M., and Hashimi, M. S. J., 1997, “Comparison of Free and Restrained

available for hydroforming process. Bulge Forming by FEM Simulation,” J. Mater. Process. Techn6B, pp.
651-654.
5 Discussion and Conclusions [14] Zu, Z. M., and Dean, T. A., 2000, “A Study of Surface Topography, Friction

and Lubricants in Metal Forming,” Int. J. Mach. Tools ManufQ, pp. 1637—
Before, stating the conclusions for this study, it is necessary to  1649.

indicate that thickness predictions with FEA are usua”y |owef15] Sofuoglu, H., and Gedikli, H., 2002, “Determination of Friction Coefficient
than actual measurements as FEA gives a lower bound solutio Encountered in Large Deformation Processes,” Tribol. 185, pp. 27—-34.
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