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contact stresses
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Abstract

In metal forming operations, the intensity and distribution of stresses at the tool/material interface have great influence on the pattern and
mode of deformation. This is due to the effect of frictional forces, being resistive to material movements and hence affects material flow
and the directionality of volume distribution of material inside die cavities. This paper explores the use of the pressure pin technique for the
measurement of tool stresses at the interface between the tool and the deforming workpiece material. It also introduces a new experimental
methodology for the measurement of stresses where the measuring device is concealed inside the tool and not subjected to the severe conditior
at the interface surface. Such an arrangement prohibits the severe conditions at the interface from influencing or distorting the experimental
readings and facilitates repeatability of results. Each tool containing measuring devices is split into two parts, one that includes the shape
to be formed and house the pin heads (industrial die), while the second part includes the rest of the measuring column including the load
cells. Using thermal insulation the second part can be protected from any thermal conditions at the interface when the tools are used in hot
forming operations. Theoretical investigation of tool stresses is carried out using stress analysis. Experimental measurements of axial and
radial stresses at different positions along the radius of an axi-symmetric billet are presented and compared with the theoretical reaults. Frictio
resistance and friction coefficient are also evaluated across billet surface and at different height reductions. Such an investigation gives better
understanding of the interface conditions and parameters, which are among the essential input to the sophisticated modelling technology
applied to metal forming processes.
© 2005 Published by Elsevier B.V.

Keywords: Pressure pin; Interface friction; Tool stresses; Contact stresses

1. Introduction plasticity of metals, heat transfer, but to a limited extent
when dealing with contact stresses frictional effects. When
In metal forming operations, contact conditions, tool considering the nature of material deformation and the in-
stresses and friction forces in particular, have great influ- troduction of full nhumerical simulation to metal forming s
ence on the behaviour of material deformation and the modeanalysis, accurate description and characterisation of con-
by which material flow is directed. This applies to almost tact properties become necessary for obtaining a realistic
all contact forming processes, from simple geometry oper- solution. 46
ations like compression, extrusion and rolling to complex Measurement of contact stresses using sensitive pins, usu-
forming patterns such as those produced by forging. Underally incorporating strain gauge circuitry and mounted in the
industrial conditions, little is known about the local vari- pressing tools, have been used to provide estimates of tael
ation in contact properties and their effects on wear, sur- stresses at the interface in forming operations, including ex-
face cracks, tool deflection and tool damage. Surface stressesrusion and rolling[1-3]. Piezo-electric and optical device s
are also important in the tool design process with respect sensing techniques have been used in the basic pin construc-
to tool definitions and features. Much has been achievedtion for signal detectiofd—6]. Use of a three-pin system hasss
in the area of material-forming technology, concerning the been introduced, so as to evaluate frictional stresses and the
coefficient of friction at the tool/material interfafg. Those s
* Corresponding author. pins incorporated a zirconia rod in order to isolate the load
E-mail addressf.osman@bath.ac.uk (F.H. Osman). cell from the severe thermal conditions at the interface in het

0924-0136/$ — see front matter © 2005 Published by Elsevier B.V.
doi:10.1016/j.jmatprotec.2005.02.022
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forming operations, where the workpiece temperature may Strain gauge
reach 1000C. Pin body / Pin-head
Analytical and numerical methods have been used to pre- \ N 4
dict tool and forming stresses during material processing. _,_*___%L \JI F
Also, an attempt was made to predict the effect of deforma- |~
tion on the microstructure of the final produ8t9]. In most
of these methods a friction factan) or a coefficient of fric- Fig. 1. Typical sensitive pin construction.
tion (i) is used, and assumed constant on all contact surfaces
and throughout the process. However, in some applications2.1. Sensitive pins %
an adaptive friction coefficient had been employed when sim-
ulating multi-stage forming processg®]. The advances in One of the methods that showed some resilience to surfage

such methods have greatly enhanced the scope of tool desiggonditions is the use of the pressure sensitive pins. They ate
and demonstrated that they are capable of predicting metalmade of similar material to that of the tool, therefore they.
flow, cavity filling, stresses and strains. The accuracy of the would appear to be as an extension or part of the tigl.1  10s
results is directly influenced by the accuracy, or realism, of Shows the shape and construction of a typical sensitive pres-
the process representation and its operational parameters. sure pin. Because of its small size and its deformation chag-
This paper investigates the design of a new experimen- acteristics, being similar to the tool, its presence is always
tal set-up incorporating the pressure pin technique. The pinassumed not to affect the measurements or the deformation
is concealed inside the die hence the drawbacks of expo-process. The pin-head, transmits the load to the main bagy
sure to the conditions at the interface are eliminated. ForceOf the pin, which contains a load cell. Strain gauge bridge ot
components are measured at different angle to the surfacesmall commercial load cells are commonly used with such

of contact and compared with those obtained from the slab pins. )
analysis technique. The proposed experimental set-up and the
measuring pressure pins are adaptable to both cold and hop.2. Sensitivity of measurement 112

forming operations.
The pin must be free to move in order to accommodate any
elastic strain in its axial direction. Therefore, there exist a gap
2. Measurements at contact surface between the pin-head and the hole in the body of the tool. s
hot forming operation and in order to protect the measuring
Metal forming is carried out by tools that are capable of circuitry, the load cell may be insulated from the pin-head:
withstanding high stresses, and when operating under hotby introducing a layer of low thermal conductivity materialjs

conditions, the tools must also sustain their integrity and such as zirconia, between the two parts. 119
strength throughout the forming operation. In contrast, mea-
suring devices operate under high level of sensitivity depend- 2 3. Pin position and relative location 120

ing upon the tolerance and the response of electronic devices,

gainand noise. In order to measure contact stresses along con- The optimum position of the top surface of the pin-heag:

tact surfaces, sensors must be attached to the tool and havg flush with the tool surface as shownfig. 2a). The pin 1z

presence at such particular locations. Hence they would givejs ysually adjusted to that position during the tool set-up, i.e:

true representation of the conditions at the tool/material in- pefore the start of the forming operation. During the defors

terface. Some of the conditions at the interface are Comp|eXmation process, there will be some relative disp]acement due
or severe for the use of sensitive devices, for example thetg the elastic deformation of the pin and the tool. The pin may

application of lubricants and heat, the presence of scale, aane pushed down into the tool by the deforming material as

material shearing actions are some of the elements that couldshown inFig. 2(b) or penetrates through the material as shown

seriously affect the measurements. in Fig. 2(c). This will, in someway, interfere with the defor-iz

. Effect of pin position <—|—> Effect of pin position and gap
Billet

B ) AN
L B

Pin-head — @) ®) © O

Fig. 2. Pin position and sliding gap relative to tool surface.
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mation mechanism at the contact surface and hence affect th&. A new strategy for tool design 169
measurements. Also, frictional resistance along the sides of

the pin presents an unknown quantity as it depends on the It is clear that the pin-head position relative to the surw
narrowness of the gap around the pin-head and the presencéace of the tool varies during the deformation process and
of lubricant and scale in the vicinity of the pin-head. In addi- entrapment of the deforming material around the pin-head
tion, the deforming material might extrude through the gap affects the accuracy of the measurements. An accurate mea-
between the pin-head and the die as showRigqm 2(d—). suring technigue could be achieved if the pin-head is not
This process is aided by the presence of the lubricant andpositioned directly at the interface and not subjected to any
the high local stress at the interface between the deformingrelative displacement with respect to the tool. Such an ats
material and the tool. Due to the loss of the pin flush posi- rangement would provide accurate permanent position fer
tion with the tool and the extrusion of the material around the pin and the pin could be considered as a truly integrated
the pin-head, some accuracy would be lost as the pin-headpart of the tool material. 179
would be severely constrained. Elementary tests were carried

outto ;tudy the effect of the position of the pin—'head relative 3 1 Two-die system
to the interface on the stress measurements. Simple compres-

sion experiments were carried out on commercially pure soft 5 o0 integrated pin system is proposed with the added

aluminium (99.5%) billets of 25 mm diameter with the pin advantage that a two-die system is introduced; materiab-
located in the die and coincides with the centre of the billet. forming/industrial die and pin holders/measuring die. Thiss

The pin-head location relative to the tool surfageshownin | enable the use of vertical and oblique pins, with pefs:
Fig. 2was varied from below to above the interface. Aload of ' anent contact with the tool. The material-forming die wills
450kN was applied to the billets to reduce the height from 30 jcjyde the geometry of the part to be formed and small holes
to 8mm.Fig. 3shows the pressure recorded by the pin rela- ¢4 hin-head contact, these holes are to accommodate thedo-

tiye to the.average_pres§ure acting onthe yvhole surfa.c.e of thecating of the pins but not used as guides, therefore they age
billet at different pin heights. When the pin was positioned ¢ larger size than the 2 mm diameter pin-heféig. 4Shows s

below the interface there has been signal delay until the mate-iha construction of the two-die system where the pin-headiis
rial has extruded through the die hole and made contact with o j\pedded and concealed inside the forming tool. The pia-

the pin-head. On the other hand, pins that positioned aboveneaq top surface is located at a small distance, 1-2 mm, freen
the contact surface show an initial artificial jump in pressure, ihe interface. shown by the gapfig. 4 .

due to the initial impact with t.he deforming m_aterial. It. is The pressure pin holding tool is of a simple geometry:
clear from the results shown fig. 3that uncertainty, confi- 5 includes through holes where pins are seated and locked
dence level and accuracy of measurements depend on factorg, yosition when it is joined with the forming tool. Suchuss
that relate to the positioning of the pin in the tool and the pin 5, arrangement would make testing of industrial tools mueh

behaviour throughout the process of deformation. However, g4gjer, where no special tools need to be designed. The design
during the deformation process the position of the pin rela- of inqustrial tools involve CAD description of tools, addingss

tive to the die surface will also vary according to the pressure gyess testing locations at this stage will enable testing tookio
acting on the pin-head. In other configurations, where the pin pe made concurrently and results validated at the same time
is positioned at an angle with the interface the pin section at,,;ih any process analysis. The design of the pin follows the
the interface takes_an eIIipti_caI sh_ape and therefore, the pi”typical sensitive pressure pin design. In these experiments,
column must contain an anti-rotation mechan(gin strain gauge pins are used and each pin consists of: pin-head,
pin main body with an embedded strain gauge circuitry and
a locking nut to ensure that the pin makes contact with the

180

Pin below surface | = Pin above surface forming/industrial tool. The three parts are joined together
> through sliding sections to form a rigid measuring colummgs
3 7 /.,/’ however, they can be separated easily. Changing a formisg
2 P
2 .
8 e Forming die
a. 2 4 | | ’!" =] \Z/ /7//
2 g Gap
5 - / /
[} P . . .
S Pin holding die  Lr {
1 R N\l Pin
0.5 0 0.5 1 NS
Pin-head position (x)
Fig. 3. Effect of pin-head location on measurements. Fig. 4. Two-die system.
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whereA is the contact area of the pin-hedithe vertical 23
pressure component,the shear/friction component anmd 23
the pin angle with the vertical. 240

5. Slab analysis for compression 241
(a)
Simple compression is utilised in this work in order ta..

examine the suitability of the new die arrangement for intefs
face pressure measurements. The sensitive pins are located

20 tool would only require replacing the pin-heads that is 10 1 1y helow the surface but they are calibrated to give the
21 accommodate different depth of cavity at each particular pin geqq ot the surface of contact. In the conventional compres-

212 location. Such arrangements avoid the pin being subjected tO5i0n test where a specimen is compressed axially between

zs - the severe unknown conditions at the interface. two parallel platens, friction occurring between the specimen
and the tool causes bulging or barrelling at the outer surfage
of the workpiece during the deformation process. Analyticab
24 4. Tool stresses during deformation methods such as the classical slab method and the modified
slab method give some insight into the distribution of surface
a5 Stress components at the interface between the tools andtresses in the presence of friction. While the slab methad
26 the deforming material are of a dynamic nature and they are neglects the influence of friction on the internal stress diss
217 Changing through out the process. In addition, stress IeVGlStribution the modified method postu|ates non_homogeneoﬂs
28 are dependent upon material properties, quality of tool and geformation[11]. Results of both methods are significantlyss

20 workpiece surfaces and the nature of the frictional resistancegitferent for billets with height to diameter ratio greater thag:
20 between the moving parts. In order to evaluate the state ofg 5.

21 stress atthe interface, measurements of the two perpendicular

22 components of stresses at the surface are essential. For this

23 purpose, two forming dies were designed to evaluate this 5.1. Stress system in simple compression 259
24 New tooling strategy. One die is to accommodate vertical pin-

2s heads that are used to measure the axial/vertical component Fig. 7shows the system of stresses acting on a disc beiag
26 Of stresses, as shown schematicallyFig. 5a). The other ~ compressed between two platens. Considering symmetry and
27 incorporates angled grooves, as showirig. 5b), for the equilibrium of forces in the radial and axial directions the:
26 use with inclined pin-heads. Such an arrangement providesequations for the pressure acting on the tpplnd friction 2

Fig. 5. Pinorientation in forming dies: (a) vertical pins and (b) inclined pins.

258

2s values for both normal and friction stress at the interface.  stressg, become12]: 264
230 For these designs, the pin is made from harden tool steel

1 with 2 mm diameter pin-head and position where the gap is p = 2t €24/DE= (4o < < R) (1) s
22 1 mmdown from the contact surface. Therefore, temperature,

23 lubrication and scalg will _have dimini's.hing effects on the | _ ﬁ(R —)+ Tk [14+In2u] (0<r<rs 2) o
222 Measurements. Inclined pins are positioned atattd 30 h 2

25 With the vertical. The forceB; andF», acting on a two-pin

6 gystem, as shown iRig. 6, may be expressed as follows: -
[

Pinl= F1 = A(P cosa1 + 7 Sin a1)

Pin2= F, = A(P cosay + T Sin ay) ‘ J
al‘Jr o-"

[Pinl= F, = A(Pcosa, +T sina,)
| Pin2 = F, = A(Pcosa., +tsina,)| =

237

r
Where, P ?
A : Contact area of the pin head T
P Vertical pressure component I h | 7 +d
o o, — O 0,
T : Shear/Friction component L / /I ' "
o Pin angle with the vertical T +

7 p

Fig. 6. Forces on pin. Fig. 7. Slab method stress system.
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and Billet height
n 48 mm
t=pp (rs<r<R) 3) e -
¢ . M 15 mm
t=7u% (0=<r=<ry (4) s 300 * A20mm |
Ay
S *
whereR is the radius of the billeth the billet height,zy P *
the material shear stress andhe coefficient of friction at z 200 *
the tool material interface. The method assumes stickingand & M -
.y . . . = [ | *
sliding zones, where; is the radius beyond which the mate- £ 100 A A, : -
rial is allowed to slide in order to allow for radial expansion A - .
during the deformation process. Ed$)—(4) represent the
classical slab method of analysis, it assumes homogeneous 0 T T T T
deformation and a constant coefficient of friction. However, 0 > 0 13 20 2
L . . . .. . . Radius / mm
the implication of variable friction across the interface is rel-
evant to this work. Fig. 8. Normal contact stress — vertical pins.

6.2. Measurement of stress components at interface 315
6. Experimental measurements of contact stress
The stress at the interface may be composed of the vertigal
The new two-die arrangement design, where the pins arecomponent that is normal to the interface, and the horizontal
split between the industrial and measuring dies, were usedcomponent acting along and parallel to the surface of can-
to compress, under dry conditions, soft commercial 99.5% tact, it may be expressed as ‘friction stress’. Using the dig
purity aluminium. Cylindrical specimens of 25 mm diameter with oblique pins, as shown ifig. 5(b) the two components sz
and 30 mm height were used in all experiments. The material can be evaluated as function of the oblique anglas shown =z
yield strength was found to be 100 MPa. The position of the in Fig. 6. The two pins used in these experiments are those
pinsis fixed inside the tool and therefore the stress distribution placed at 45 and 30 with the vertical axis. The measure-z:
across the interface with the billet is obtained by using several ments from both pins were obtained simultaneously during
billets. When inclined pins were used, flush to the contact the deformation process for each billet. Similar to the expets
surfacg]7], an anti-rotation mechanism was fitted to the pin iments with the vertical pins a load of 400 kN was applied tas
column to prevent the pin elliptical cross-sectional area from reduce billets to approximately 8 mm in height. a27
being locked with the die surface. Such complicationhasbeen Figs. 9 and 18how the distribution of the two componentszs
eliminated in the two-die arrangement where the pin-head is of stress at the interface, they are measured from 1 mm belew
not subjected to any rotational force. the contact surface with oblique pins. The trend of the stress
The calibration of pins was carried out by applying dif- distribution is similar at both stages of the process. The diree-
ferent loads to dies that were perfectly closed on a thin disk tional inclination of the pin is significant when considerings
of aluminium. Also, a comparison has been performed be- the material movement above the pin-head. The deformatien
tween the load applied by the press and the total load obtainedforce has a positive effect on the pin, i.e. pushing, if the pis
from the measured local distribution of normal tool stresses column is opposing the forming force and a negative effeat;
to ensure comparability, sensitivity and conformity of the pin i.e. dragging, if the material is moving away from the pinss

calibration.
Stress component

6.1. Measurement of normal tool stresses 400 & Normal ——
M Parallel
Using the die with pins perpendicular to the contact sur- 300 ¢ *
face, billets were compressed to a maximum of 400 kN. Eight & ¢
billets were used for the measurement of normal local stress 2 *
distribution across the deformed billets. 2 200 * .
Fig. 8 shows the measurements of the normal pressure £ ¢
distribution at an early stage of the process (20 mm billet 100
height), a middle location (15mm), and at the end of the - | n n
process (8 mm). As the billet aspect ratio, height/diameter 0 = [ [}
decreases, the stress in the centre of the billet increases and i ' i N
the difference between the stress at the centre of the billet 0 2 llga dius ,mll]f 20 25
and the stress at the end of the billet increases. The end stress /
value is very close to the material yield stress in all cases. Fig. 9. Tool stresses at 8 mm billet height — oblique pins.
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Stress component

150 @ Normal
M Parallel
*oe
£ 100 *
E * *
2
g
= 50
@ =
™ u
0 =® .
0 5 10 15

Radius / mm

Fig. 10. Tool stresses at 20 mm billet height — oblique pins.

Hence, it is not practical to position the pin on the centre of

forming material while the other half will be pulled. Thisis  of the billet.

clearly evident from the results showrkigs. 9 and 1@vhere
there are no data points at dead centre. This of course does not

apply to vertical pins where the force is always compressive. 7. Integration of theory and experiment

6.3. Evaluation of the forming coefficient of friction

Theory Vertical Oblique

20 mm A a
g§mm o [«} *
400 1
*°
300 fre— -2
£ ~t°
b= \\\ ¢ o
(\(2 200 S °
2 T~ s .
w2 ‘n-r—ﬂ_\ \\__\o
A ry "~ —
100 A% y 5
0 T T T T
0 5 10 15 20 25
Radius / mm

Fig. 12. Variation of coefficient of friction along the interface.

355

356

Knowledge of the state of stress and the shape of the
friction function at the interface could be of significance ims

~ The normal and parallel measured components of stressmany material-forming processes. Also, it could be combined
given inFigs. 9 and 1Qvere used to evaluate the coefficient

of friction at the interface for the two deformation stages. By
definition the coefficient of frictiony, may be expressed by

the following expression,

w=-
p

(®)

wherer is the friction stress and the normal stress at the
interfaceFig. 11shows the variation of the coefficient of fric-

tion across the surface of the billet at the early stage and final
stage of the deformation. In both cases it steadily increases

0.5
0.4 1
0.3

A

n
0.2

0.1 4

0 A :

0

w

(a)
0.4

10
Radius / mm

15

0.3

A
A

w 0.2

0.1

(b)

10

15 20

Radius / mm

25

Fig. 11. Variation of coefficient of friction along the interface at (a) 20 mm

and (b) 8 mm billet heights.

with analysis to give better prediction of metal flow and toako
stresses. The slab analysis results are compared with these
obtained from experiments and showrFig. 12 The results s
show a comparison between the distribution of the normal
component of contact stress measured by the vertical pia,
oblique pin and the slab analysis described in Se@iaith  z65
n=0.2. The results are shown for two stages of the comes
pression process, 20 and 8 mm billet height respectively. The
results are very comparable with respect to the trend whese
a maximum stress occurs at the centre of the billet, for the
'shorter billet. It is, however, important to incorporate frictiomn
as changing function in order to obtain realistic theoretical

results. a2

8. Conclusions ar3
The design of a metal forming process involves undef-
standing of the mechanism of metal deformation and knowsts
edge of the interaction between the workpiece material and
the pressing tool. The sensitive pressure pin techniquesis
well established as a method for direct measurement of high
stresses, specially under sever frictional conditions. 379
A new die design methodology, incorporating embedded
sensitive pressure pins were introduced. The method provides
aset-up, where industrial dies could be used within laboratosy
conditions to evaluate contact stress at the interface betwegn
the tool and the deforming material. The tool design does
not expose the pin to the severe conditions at the interfaee
where it could suffer from significant inaccuracy. Vertical ands
oblique pins were tested in this work. The distribution of the.
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normal and frictional components of stress across the contact [3] J.G. Lenard, Measurement of friction in cold flat rolling, J. Materaor
surface in simple compression were obtained experimentally ~ Shaping Technol. 9 (3) (1991) 171-180. _ 408
and hence used to evaluate coefficient of friction. The results [4 -M- Cole, D.H. Sansome, A review of the application of pin load-celkos

howed that frictional characteristics vary alona the interf pressure measurement techniques to metal deformation processesyin:
showe atiricional characteristics vary along the interiace Proceedings of the Ninth MTDR Conference, 1968, pp. 271-286.411
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f[atlons. The method of using conce_aled sensitive pins reveals  acteristics using three pin system, Key Eng. Mater. 177 (200@)
itself to be a direct measuring technique for the effective eval- 583-588. 219
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