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The Validity of Mathematical Solutions 
for Determining Friction From the Ring 
Compression Test 
The ring test has previously been experimentally calibrated for friction studies on the 
assumption of constant coefficient of friction under metal-working conditions. This 
investigation has demonstrated that the same experimental results may be used to calibrate 
the ring test on the assumption of constant interface friction factor. Use of available 
mathematical solutions, based on the concept of a constant interface friction factor, pro
vides a possible means for the calibration of different initial ring geometries by computer 
solution. Excellent correlation has been shown between the shape of calculated curves 
and experimental ring test results on a wide variety of materials. However, the actual 
values of m obtained by using the theory to analyze experimentally determined shape 
changes appear to be somewhat in error to a degree depending on the initial specimen 
geometry and the general friction level under which it is deformed. This is due essen
tially to the assumption used in the theoretical treatment, that the surface frictional 
stresses are transmitted uniformly throughout the specimen thickness, not being generally 
valid in the practical situation except with very thin specimens. 

I Introduction 

IN METAL deformation processes, frictional forces are 
generated at the interface between the tools and deforming ma
terials by virtue of the workpiece surface extension. These fric
tional forces have the following modifying effects: 

(a) The total deformation loads are increased. 
(6) The internal structure and surface characteristics (surface 

finish and surface defects) of the product are in
fluenced. 

(c) Wear is produced on the tooling material, thus reducing 
its useful life. 

(d) Dimensional variations are produced in the processed 
material. 

Because of these effects, friction is considered to be a major 
variable in metalworking operations and must be adequately con
trolled to optimize processing procedures for economically pro
ducing material with the desired geometry and internal struc
ture. For effective friction control, quantitative data on the 
effects of lubrication and other processing variables, such as tem-
perature, speed and pressure, are essential. 
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A number of studies have already been made in an at tempt to 
obtain quantitative data on friction in metal processing by using 
the actual metalworking operation or by using simulative labora
tory tests. Use of the particular metalworking process for these 
investigations has the disadvantage that it is difficult to separate 
the force necessary to overcome friction from the force necessary 
to give the required deformation, and more difficult to control the 
secondary process variables. Laboratory tests may furnish 
valuable measurements of frictional behavior under controlled 
conditions provided that these tests are capable of simulating 
process conditions such as temperature, deformation speed and 
deformation pressure. Of the many laboratory tests utilized 
for friction studies the ring test technique originated by Kunogi 
[ l ] 1 and further developed by Male and Cockcroft [2] has, in the 
opinion of the present authors, the greatest capability for quan
titatively measuring friction under normal processing conditions. 

The ring test technique involves a simple forging operation per
formed on a flat ring-shaped specimen; the change in diameter 
produced by a given amount of compression in the thickness 
direction is related to the interfacial friction condition, as shown 
in Fig. 1. If friction were equal to zero, the ring would deform 
in the same way as a solid disk, with each element flowing 
radially outwards at a rate proportional to its distance from the 
center. With a small but finite interfacial friction force, outward 
flow takes place at a lower rate and, for the same degree of com
pression, the outside diameter is smaller than with zero friction. 
If the frictional force exceeds a critical value, it is energetically 
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A number of studies have already been made in [in attempt (.0 

obtain quantitative data on friction in metal processing by using 
the actual metalworking operation or by using simulative labora
tory tests. Use of the particular metalworking process for these 
investigations has the disadvantage that it is difficult to separate 
the force necessary to overcome friction from the force necessary 
to give the required deformation, and more difficult to control the 
secondary process variables. Laboratory tests may furnish 
valuable measurements of frictional behavior under controlled 
conditions provided that these tests are capable of simulating 
process condit.ions such as t.emperature, deformation speed and 
deformation pressure. Of the many laboratory tests utilized 
for friction studies the ring test technique originated by Kunogi 
[lJ 1 and fnrther developed by Male and Cockcroft [2J has, in the 
opinion of the present authors, the greatest capability for quan
titatively measuring friction under normal processing conditions. 

The ring test technique involves a simple forging operation per
formed on a flat ring-shaped specimen; the change in diameter 
produced by a given amount of compression in the thickness 
direction is related to the interfacial friction condition, as shown 
in Fig. 1. If friction were equal to zero, the ring would deform 
in the same way as a solid disk, with each element flowing 
radially outwards at a rate proportional to its distance from the 
center. With a small but finite interfacial friction force, outward 
flow takes place at a lower rate and, for the same degree of com
pression, the outside diameter is smaller than with zero friction. 
If the frictional force exceeds a critical value, it is energetically 

1 Numbers in brackets designate References at end of paper. 

J U L Y 1 9 7 0 / 389 Downloaded From: https://tribology.asmedigitalcollection.asme.org on 06/19/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



Fig. 1 Typical $pecimen$ deformed under different friction condition$: 
(a) undeformed; (b)-(eI) deformed SO percent: (b) low friction; 
(c) medium friction; (eI) high friction 

favorable for only part of the ring to flow outwards and for the 
remainder to flow illwarc],; toward the center; thus the outside 
diameter after compression is still fur ther reduced. 

Measurement of the filial internal diameter of compressed rings 
provides a particular ~ensitive means for studying interface fric
tion siIlce the internal diameter increases if the friction is small 
and decreases if the friction is large. 

The ring test has an advantage when applied to the study of 
friction at elevated temperatlll'es and /or high speeds: no direct 
mea~urement. of force is required and no yield strength values of 
the deforming material are needed, hence the major difficulties of 
evaluation of compression tests under these conditions are elimi
nated, Coneiation of ehanges in internal diameter with numeri
cal values of friction can be obtained either by independent 
calibration or by the application of available theoretical analysis. 
Before a satisfactory mathematical solution for the compression 
of a ring was available, a pioneering independent calibration was 
made by experimenta tioll [3] . Subsequent theoretical analyses 
[4, .5J have made pOf>sible more accurate and less laborious calibra
tion of the ring test by mathematical computation. 

The object, of this report is to describe the mathematical 
calibrat.ion of the ring test and to compare this calibration with 
experimen tal result" , 

II Theory 
The first satisfactory analysis of the compression of a flat l'ing 

was made by Avitzlll" [4! through an optimum upper bonnd 
mathematical solution and later verified by Hawkyard and John
son [5J using a stress analysis approach. Both solutions are 
based on the assumptions that (a) there is no nonuniform distor
tion of cylindrical elements due to frictional constraint i.e., no 
barrelling; (b) the ring material obeys Mises' stress-strain rate 
laws, implying no strain hardening effect, no elastic deformation, 
and no volumet.ric change ; and (c) a constant fricton factor, m, 
for a given die and material under constant surface and tempera
ture conditions such that the interfacial shear stress, T , is given by 

0"0 

T = rn -y!3 

where 0"0 = basic yield stress of the ring material. The as
sumption of constantin and constant <To automatically means that 
T is constant. Certain investigations [6, 7, 8] on fric tion indicate 
that, for metalworking conditions, the assumption of a constant 
interfacial friction stre~s may be reasonably justified. When 
strain hardening of [,he ring material occms [i.e., assumption (b) 
is violated! it is necessary that interpretation of the ring test re-
sults with the lHathe~atical solution should be somewhat 

where 

{RO [ Ro (. Ri)J}' X = ----: exp -m ~ 1 - -
R, '1 Ro 

2 When Ri ~ Rn ~ ITo 

Ro 
m - -

'1' 
(

Hi 2Rn) 21+ - --
Ro Ro 
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R J (RO)4 
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Equation (1) is valid when R" lies between R; and 0, and 

l_nRo ~ 1. In r 3(~y J 
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, ., . ITo + Ri 
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Neither the basic yield st ress of the material, CTo, nor the inter
facial shear stress, T, appeal' in the final equations in terIllS of 
absolute values, only as a ratio, 1/1.. The basic assumptioll in the 
analysis is that this ratio remains constant for the material lind 
deformation conditions. If t.he analysis is carried out for a small 
increment of deformation, 0"0 and T can be assumed to he ap
proximately constant for this increment and the solution iH valid. 
Thus, if the shear factor 1/1. is constant for the whole operation, it 
would appeal' justifiable to continue the mathematical al1aly~is ill 
a series of small deformation increments using the final rillg 
geometry from one increment as the initial geometry for the suh
sequent increment and so on. As long as the ratio of the ill ter
facial shear stress, T, and the ma.terial flow stress, 0"0, rem/tinc(l 
constant it. would not be of consequence if the ring material stmill 
hardened during deformation provided that the increase ill work 
hardening in anyone single deformation increment GOllld bn 
neglected. The progressive increase in in terfacial shellr st·ress 
accompanying strain hardening would also be of no conscqllence 
provided that it could be assumed to be constant over the ent.ire 
die/ ring interface during anyone deformation increment. TIlliS, 
it is possible that the analysis could be justifiably applied t.o real 
materials even though it was initially assumed that the material 
would behave according to the Mises' stress-strain rate laws pro
vided that the assumption of a constant intetfacial shear fa(!tor, 
In, is correct. 

cautious. DIRECTION OF DIE 
The theore ticl11 "olutions of Avitzur and Hawkyard and JOhll- METAL FLOW 

son both yield the fullowing mathematical relationships for a ring 
specimen under compreBsion (Fig. 2), where R" is the radius of the 
metal flow divide within the ring (sometimes referred to as the 
neutral or "no-slip" radius): 

1 When R" ~ R, 

(1) 

, 
, Ro 

Ri-1 
I • 

LOWE R I DIE 

I 

Fig. 2 Compression of flat ring-shaped specimen between flat dies 
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III Procedure 
A Mathematical Calibration. Calibration curves relating the 

change in internal diameter of the ring, expressed as a percentage 
of the original internal diameter, to the percentage reduction in 
height on deformation for various values of the interfacial friction 
fador, m, were obtained for ring test specimens having the follow
ing starting geometries: 

Do Di T 
6 4.0 1 
6 3.2 1 
6 3.0 1 
6 2.4 1 
6 1.6 1 

,Vlathematical solution of the relevant equations for this cali
hmtion was performed by writing a program in Fortran 4 and 
using an IBM Digital Computer 7044-7094 Direct Coupled 
System. 

[t is perhaps pertinent at this stage to mention that these solu
t ions can be adjusted for application to rings of different heights, 
but of the same Do:D, ratio, simply by multiplying the m value 
hy the ratio of the heights to obtain the new m value. For ex
flmple, with the standard ring ratio of 6: 3: 2, used by Male and 
Cockcroft, the m values for the 6: 3: 1 ring would have to be 
Illltltiplied by 2; or with a ratio of 6:3:0.5, the m values would 
have to be multiplied by 0.5. 

B Correlation with Experimental Results. Both published [2, 9] 
Ilnd unpublished [3] experimental results obtained by Male on 
rings of various geometries were used for comparison with the 
calibration curves obtained from the mathematical computations. 

In addition, compression tests were conducted on commercially 
pure aluminum at 600 deg C and on mild steel at 750 deg C. 
The specimen sizes used were 3.0 in. OD X 1.5 in. ID X 0.5 
in. height and 3.0 OD in. X 1.5 in. ID X 0.25 in. height for both 
materials. Preheating was carried out in an electric resistance 
furnace without atmosphere control, and deformation was carried 
ou t on a high speed .500 tOll hydraulic forge press using degreased 
tooling. 

IV Results 
A Mathematical Calibration. For each of the five different 

st arting ring geometries the computer solution provided values 
for the internal, external, and neutral radii and the percentage 
change in internal diameter for each increment of deformation 
nt set values of the interfacial friction factor, m. These values 
arc available separately, in a U. S. Air Force Materials 
Laboratory Technical Report [10] and are therefore not pre
scn ted here in detail, with the exception of the curves given in 
Fig. 3 for an initial ring geometry of 6: 3: 2. The shape of this 
family of curves is typical of the curves determined for other ring 
geometries. For these other geometries, only the relevant 
theoretical curves are given in particular figures for comparison 
wit h the experimental results. 

B Correlation of Mathematical Calibration With Experimental Results. 
(a) Maximum ar Sticking Friction (m = 1.0) for Standard Ring (6: 3: 2). 

In the early experimental calibration studies [2, 3], conditions 
which gave sticking friction were identified by looking for the 
presence or absence- of minute surface scratches [11] on the 
'p<'cimen surface which had been in contact with the die. lYbIe 
and Cockcroft standard geometry ring specimens of alumi
nllm deformed at 600 deg C we.re completely devoid of these 
sl'mtches on either the original surface or the new surface 
ercated qy the deformation, thus showing that the friction must 
have been sufficiently high so that at no stage was there any 
relative movement at the aluminum/die interface. Surface 
semtches were observed on all specimens deformed at tempera
tures below 600 deg C. 

The experimental values obtained for aluminum rings de
formed at 600 deg C for this sticking friction condition are com-
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Fig. 3 Theoretical calibration curve for standard ring. 6,3: 2 

pared with the mathematically derived curve for maximum fric
tion (m ~ 1.0) in Fig. 4. The following additional metals were 
compressed without lubricant at the elevated temperature indi
cated and the results correlate well with the results obtained on 
the aluminum: copper at 400 deg C, magnesium at 400 deg C 
titanium at 500 deg C, mild steel at 7.50 deg C, and zinc at 3.50 deg 
C. It call be seen that the experimentally derived curve for 
maximum friction is somewhat higher than the theoretical maxi
nlum curve. 

(h) Minimum Or Zero Friction (m = 0) for Standard Ring (6: 3: 2). 

Experimentally, conditions approaching zero friction have been 
achieved in the following manner [2]: wax ring specimens of 
the standard geometry were warmed to within 2 deg C of the 
melting point and were compressed between polished steel dies 
which were a few degrees hotter. 

Melting of an extremely thin surface layer of the wax speci
mens provided almost perfect interfacial lubrication. The 
calculated curve for zero friction (m = 0) and some of these 
experimental results are also given in Fig. 4. These results 
indicate that perfectly frictionless conditions were not achieved 
with this technique, but that variable friction conditions (m = 

0.02 to m = 0.14) were experienced during testing. The theoreti
cal curve tended to form a lower envelope for the experimental 
results. 

(e) Other Friction Values for Standard Ring (6:3:2). The earlier 
experimental caJibra.tion of the ring test 12, 3] at intermediate 
friction levels involved the determination of the loads necessary 
to deform solid disk specimens (0.5 in. dia X 0.1 in.) by various 
amounts. These results were taken and values of the interfacial 
friction factor (m) were calculated using the analysis of Schroeder 
and Webster [12]. Yield stress values required for this analysis 
were obtained using the Polakowski technique [13] of compress
ing tall cylindrical specimens (height/diameter = 2), relubricat
ing frequently during testing and remachining at intervals to re
move any trace of barrelling. Values of m obtained in this way 
are ilhown in Fig. 5. 
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Standard geometry ring test specimens were machined from the 
same material used fDr the sDlid disks and were defDrmed under 
identical cDnditiDIlS. Data fDr the percentage change in internal 
diameter as a functiDn Df amount of deformatiDn in these tests 
are given in Fig. 6 tDgether with the mDst apprDpriate theDretical 
curves. The'l1t values given by these curves are cDmpared with 
the 'I1t values Dbtained from the sDlid disk tests (Fig. 5) in Fig. 7. 
This compariSDn shDws that the 'I1t values from the ring test 
theDry are gl'eltter than those obtained from the disk t.ests by a 
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Fig. 7 Comparison of m values obtained from disk (Fig. 5) and ring 
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factDr of apprDximately 1.4. For IDw values Df m, this factDr 
appears tD be as high as 2.0. 

SuperpDsition Df the experimental values Df the pereent.f1ge 
change in internal diameter of rings as a functiDn.Df amount of 
defDrmation fDr a number of materials [2, 3, 9] upDn the t.heD
retically derived curves clearly demDnstrates the general ap
plicability of these curves for the characterizatiDn Df interfacial 
frictiDn cDnditiDns, as shDwn in Fig. 8. It is, however, obviDus 
frDm these results and thDse i)reviously given in Fig. 4 that the 
Avitzur theDretical sDlutiDn yields values Df m in excess Df unity. 

(d) Nonstandord Geometry, Ring Tests. Ring specimens havlllg 
the same height (0.250 in.) and external diameter (0.750 in.) but 
of different internal diameters were machined from a single bar 
Df cDmmercially pure aluminum and annealed in vacuum for 1 hI' 
at 450 deg C, fDllDwed by furnace cDoling. The specimen 
geometries used were as follDws: 
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Internal diameter (in.) 

0.500 
0.400 
0.300 
0.200 

Geometry ratio 
(OD:ID:height) 

6:4:2 
6:3.2:2 
6:2.4:2 
6:1.6:2 

A series of rings of each geometry were then deformed over a 
range of deformation between the same pair of flat dies at a press 
speed of' 2 in./sec under the following frictional conditions: (lL) 

20 deg C, no lubricant; (b) 600 deg C, no lubricant; (e) 20 
deg C, lubricated with lanolin. 

The subsequent changes in shape on deformation were mea
sured and Clll'ves obtained for the percentage changes in internal 
diameter as a function of amount of deformation. When t.he 
appropriate theoretical curves for the various initial specimen 
geometries were superimposed on these results, they were very 
similar. For this reason, complete data for only two ring 
geometries are shown in Figs. 9 and 10. Summarizing the data 
for the same test material and conditions, with different initial 
specimen geometry, the following interfacial friction factors were 
obtained: 

Ring 
geometry 

6:4.0:2 
6:3.2:2 
6:2.4:2 
6: 1.6:2 

Interface Friction Factor (m) 

20 deg C 600 deg C 20 deg C 
No lubricant No lubricant Lanolin lubrican t 

1.0-2.0 1.0-2.0 0.10-0.14 
1. 0-1..5 2.0 o .OS-0.10 
0.9-1.4 2.0 O.OS 
0.8-1.0 1.5-2.0 0.06-0.12 

In general t.erms, good correlation is shown for the four initial 
ring geometries and the three interfacial friction conditions, thus 
indicating that the interfacial friction factor (m) is a reasonable 
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Fig. 11 Comporison of experimental and theoretical curves for maxi
mum friction with rings of initial geometry 6: 3: 1 and 6: 3: 0.5 

process parameter which can be used for identifying interfacial 
friction conditions. 

In addition, ring specimens of dimensions 3.0 in. OD X 1.5 in. 
ID X 0.5 in. height (6:3:1) and also 0.25 in. height (6:3:0.5) 
were machined from commercially pure aluminum and mild steel 
and were deformed without lubricating at 600 deg 0 and 750 deg 
0, respectively, after heating in ail'. These conditions were 
those which had previously [2] been determined as giving full 
sticking. The results are given in Fig. 11 together with the 
relevant theoretical curves calculated using the Avitzur analysis. 
It can be seen that, with the initial ring geometry 6: 3: 1, values 
of m in excess of unity are obtained, but that with the ratio 
6: 3: 0.5 the experimental points obtained agree very well with 
the theoretical curve for m = 1.0. 

V Discussion of Results 
The ring test has previously been experimentally calibrated 

[2, 3] on the assumption of constant coefficient of friction under 
metalworking conditions using an indirect technique. Only late 
in the preparation of this manuscript was the theoretical treat
ment of Burgdorf [14] found for the compression of a flat ring 
based on the concept of a constant coefficient of friction. For 
this reason, no evaluation of Burgdorf's analysis has been in
cluded here. 

Mathematical analysis of the compression of a ring carried out 
by Avitzur and by Hawkyard and Jolmson, and based on the 
assumption of a constant interfacial friction factor, rn, and a 
constant material flow stress, <To, provides a possible means for the 
calibration of different initial ring geometries for friction evalua
tion. As outlined earlier, this theoretical treatment should be 
able to be applied to real materials when strain hardening occurs 
provided that the mathematical computations are carried out for 
a successive series of small increments of deformation. Excellent 
correlation has been shown between the shape of the theoretical 
curves and experimental ring test results on a wide variety of ma
terials and a number of different initial ring geometries. How 
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ever, it is noted tlmt a number of experimental Clll'ves, when 
analyzed theoretically, yielded values of m considerably in excess 
of unity. 

The theoretical analyses assume that there is no nonuniform 
~listOl'tion of c~lindrical elements due to the frictional constraints, 
I.e., no barrellmg. Or, more exactly, the effect of the frictional 
retardation stresses at the die/specimen interfaces is assumed to 
be transmitted uniformly throughout the specimen thickness. 
This is obviously a simplification of actual conditions and would 
be expected to give increasing errol' with increasing friction stress 
and increasing specimen height. Considerable barrelling was 
in fact, observed on specimens of most geometries deformed witl~ 
high interface frictions, therefore it is not surprising that there is 
a general lack of correlation between the theoretical and experi
mental curves under these conditions. 

Concurrent work [15] being canied out to investigate the 
possibility of using the compression of flat ring-shaped specimens 
for the determination of material flow stress values under metal
working conditions has revealed a similar lack of correlation at 
low frictional values when using an initial ring geometry of 6: 3: 2. 
The general effect was to overestimate the effect of friction when 
using the Avitzur theory to analyze experimentally determined 
shape changes. On reducing the specimen height to give a 
geometry of 6: 3: 1 the theory appeared to work well under these 
relatively low friction conditions. However, even with this new 
geometry, the lack of correlation was still evident under concli
tions of high friction as shown in Fig. 11. Further reducing the 
specimen height to give an initial ring geometry of 6: 3: 0.5 gave 
experimental results under conditions of maximum friction which 
agreed well with the curve for maximum friction derived theoret.i
cally. This data is also shown in Fig. 11. 

Under conditions of maximum friction, the most probable 
reason for obtaining agreement between theory and practice 
when using an initial ring geometry of 6: 3: 0.5 is that the theoreti
cal assumption of the surface frictional retardation stress being 
transmitted uniformly throughout the specimen thickness is now 
approximately true for the practical situation. The correctness 
of this assumption manifests itself in the general lack of barrell ing 
observed in the deformed rings of initial geometry 6: 3: 0.5 by 
comparison with that formed in deformed rings of initial geometry 
6:3: l. 

It thus appears that the theoretical assumptions made in the 
Avitzur analysis are not justified experimentally over all condi
tions of interfacial friction until the initial specimen geometry 
approaches 6: 3: 0.5. Undcr conditions of low interface friction, 
the theoretical assumptions are met when using an initial geometry 
of 6: 3: 1. Experimentally, neither of these geometiies are par
ticularly satisfactory with which to work especially at high tem
peratures, principally because of the large ratio of surface area 
contacting the dies to the workpiece thickness giving a quenching 
effect, and also the relatively high loads necessary to effect a 
particular increment of deformation. 

In terms of general sensitivity of measurement and ease of ex
perimentation, the ring geometry 6:3:2 has much to commend it. 
This was the initial geometry used by Male and Cockcroft [2] 
and since seems to have been adopt.ed as an unofficial standard 
geometry. Experimental curves obtained in the early calibra
tion work in terms of constant coefficient of friction, fJ., exhibit 
a close correlation with the theoretical curves calculated using the 
concept of a constant interfacial shear factor, m, thus suggesting 
that there may possibly be an empirical relationship between fJ. 
and m. A direct comparison of data from the Male and Cock
croft calibration and from the theoretical solution shown in Fig. 3 
is given in Fig. 12. This comparison shows that the relationship 
between fJ. and m varies with the particular deformation con
sidered, although a number of experimental results obtained with 
rings tend to concentrate around the comparison line for 50 per
cent deformation, thus suggesting that a very approximate reln
tionship of 

m(ring) 

2.y3 
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Fig. 12 Relationship between coefficient of friction, M, and interface 
friction factor, m 
Ring tesls: 

1 '" Brass, 20 deg C, lanolin lubricant 
2 Aluminum, 20 deg C, paraffin lubricant 
3 '" Brass, 20 deg C, graphite lubricant 
4 Mild steel, 20 deg C, smooth dies, no lubricant 
5 Zinc, 20 deg C, no lubricant 
6 Data of Jain and Bramley for mild steel, 1120 deg C, no lubricant 

(Ref. 16) 
(a) Using Male and Cackcraft calibration 
(b) Using Avitzur analysis 

7 Copper, 20 deg C, no lubricant 
8 Mild steel, 350 deg C, no lubricant 
9 Mild steel, 20 deg C, rough dies, no lubricant 

10 Data from a variety of met.als exhibiting sticking friction at ele
vated tem peratures 

Disk tests: 

II '" Brass, 20 deg C, lanolin lubricant 
12 '" Brass, 20 deg C, graphite lubricant 
13 Mild steel, 20 deg C, smooth dies, no lubricant 
14 Aluminum, 20 deg C, no lubricant 
15 Copper, 20 deg C, no lubricant 
16 Mild steel, 20 deg C, rough dies, no lubricant 

may be contemplated, and which would be more exactly tl'llC at 
low friction levels. 

I t is interesting to note that the curve for 60 percent deforma
tion agrees well with data obtained for the compression of flat 
disks and correlating the values obtained in the early calibration 
work [2J with the 11l values (Fig. ,j) presently calculated from 
(he original results. Because of the specimen geometry used in 
Lhe disk tests, thin'e is little doubt about the true validity of the m 
values from this source. The inference is therefore that, when 
using an initial ring geometry 6: 3: 2, by the time the specimen 
has undergone 60 percent reduction in height, the result.ing 
geometry renders the practical situation with regard to t.he dis
tribution of surface frictional effects uniformly throughout the 
thickness in accord with the theoretical assumption. 

Flll'ther supporting evidence for this is obtained from the re
sults given in Fig. 11 where the valne for the final hole diameter 
was tf1ken by mef1suring from the inside COl'ller of t.he faces in 
contact with the dies rather than the minimum diameter including 
t he barrelling, as is normf111y the case. These results show that 
as the deformation increases, the vf1lue of the hole diameter mef1-
sured from the inside cornel' of the faces approximat.es more 
dosely to the diameter measured from the inside of the barrel, i.e., 
the barrel shape decreases considerably. 

VI Conclusion 
This work has shown that the concept of a constant interfacial 

friction factor, rn, can be usefully used to characterir.e interfacial 
friction conditions during a flf1t forging operation. The mathe-
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matica! solution for the compression of a flat ring made by 
Avitzur can be applied successfully to obtain realistic values of 1/1. 

by the analysis of experimentally determined shape changes, 
provided that the initial ring is small in thickness when compared 
with the internal and extel'llal diameters. An initial geomet.ry 
(external dia: internal dia: thickness) of 6: 3: O.i) has been found 
to be adequate for this purpose. 

When using the Male and Codccroft standard ring geometry of 
6: 3: 2, the Avitzur solution gives inaccurate values of m which 
appear to be just double the true vf1lues. The reason for this is 
most probably because considerable barrelling tf1kes place dlll'ing 
deformation, thus deviating from the theoretical assumption. 

The close correlation between the Avitzlll' analysis and practical 
results when using rings of initial geometry 6: 3: 0.5 now gives 
the distinct possibility of using this technique for the determina
tion of accurate values of a materials flow stress tmder metalwork
ing conditions provided that meas\\l'emenls are mf1de of the 
deformation load. Measurement of the resulting shape change 
of the ring indicates the degree of frictional resistance which then, 
through the theoretical analysis, directly relf1tes the mf1terial 
flow stress to the average applied pressure. 
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