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Deformability Curve for K18 Steel

J. Pos'piech

(Submitted 29 December 1997; in revised form 7 June 1999)

Determination of plasticity of materials by the method of Kolmogorow is described. Variation of the
stress factor for several plastic working processes is also described. Tests to plot the deformability curve
(also referred to as reserve of plasticity curve) were selected and proved.

|Keyw0rds boundary deformability, metal forming, plasticity | The assumption of a criterion of initiation of failure is also
important. There are two solutions possible. In the first concept
the appearance of microcracks, as revealed macroscopically on
polished sections, is considered as the beginning of failure.
Takase (Ref 3) used a special etching reagent to reveal mi-
The problem of the best utilization of plasticity in plastic crocracks and presumably other minor imperfections. He de-
working processes of metals, at low resistance to deformationtected only microcracks, without grain boundaries and slip
and maximum utilization of capacity of installations has gained |ines. This etchant was composed of nitric acid, picric acid, fer-
greatimportance, especially in recent years. This can be attribrous chloride, and ethyl alcohol.
uted to a steady increase in tonnage of metals and alloys sub- |t seems, however, that such a conception of the problem
jected to plastic working (metal forming) processes, as well asmerely complicates investigations and leads to an increase in
to the growing importance of plastic working in metal process- expense and does not permit a greater accuracy of measure-
ing. It has also been demonstrated (Ref 1, 2) that a rather lownents because other measurements will further contain a great
utilization of plasticity in many metal working techniques can error, for example, the measurement of radius of curvature at
lead to application of annealings, which can decrease in nuUm+he spot of fracture (with the use of workbench microscope).
ber. This can result, in turn, in a prohibitive increase in produc- Therefore, the appearance of the first crack on the surface of
tion costs. In order to be able to work a metal plastically with gpecimen, as detected by the naked eye, was assumed to be a
the optimum utilization of its deformability, it is necessary 10 riterion of failure (the second possible solution); although in

know the amount of permissible, permanent deformations nec+ensile testing of notched specimens, for example, this is con-
essary to obtain a desired shape of the final product. For thisgistent with the moment of specimen fracture.

purpose, Kolmogorow (Ref 1, 2) introduced the concept of re-
serve of plasticity, by which a deformation from the yield point
to the incipient fracture of metal is meant. A critical crack
value,,, corresponds to this deformation range (being consis-

tent macroscqpiqally with thle.commencement of decohgsion).turing process. It is a scalar varying from 0 to 1. If this coeffi-
Often, the definition of plasticity covers not only the ability of cient is zero, it means that metal did not undergo plastic

metal to L(Jjn(fjergo perm:nent der:‘ormatk:?n, but alls_;? a IOWdres'S'deformation. If it reaches 1, it means that a first crack in the ma-
tance to deformation. Hence, the problem simplifies to deter- o 5| has appeared; that is, a certain critical density of mi-

(rjn|na'|[1|on_of d?formaluonsl,l which WQuIdhresuk:t n |n|t|at|or; Olf crocracks was reached by a given metal. This coefficient is
lecohesion of metal or alloy, meaning that the reserve of p as'given as a percent to denote the utilization of plasticity reserve
ticity of a given material is exhausted.

A ’ ) o of the material in a given working process. Itis calculated from
The goal of this study was to investigate the variation of the {he following equation:

stress factor for selected plastic working processes and plot a
curve of deformability, also called a curve of reserve of plastic-

Introduction

In this study the theory of Kolmogorow (Ref 1, 2) was used
as the most developed theory at the present time. Kolmogorow
introduced the so-called coefficient of utilization of reserve of
plasticity to evaluate the state of deformation in any manufac-

ity, or sometimes fracture or failure curve. b y, dt
W, =] B (Eq1)
0 g, [K(1)]
2. Description of Applied Theory of Failure of
Materials where:
When determining the commencement of failure, the effect t,
of stress on plasticity of metal at constant temperature and cong;, = J' yi(t) dt (Eq 2)
stant rate of deformation has to be determined because it is 0

known that plasticity is not only a feature of a given material,
butitis also a function of the stress state.

J. Paépiech, Instytut Metalurgii Zelaza (Research Institute of Ferrous
Metallurgy), ul. K. Miarki 12, 44-101 Gliwice, Poland. (Eq 3)

Journal of Materials Engineering and Performance Volume 8(6) December 1999701



o A review of different models used for determination of
k=— (Eq 4) boundary deformability is presented by Thomason (Ref 27).
! Curves of deformability are also described.
An investigation of the influence of principal stress,
. whereao; > 0, > 03 on a deformability curve is presented by
where: _ _ o Vater and Lienhart (Ref 28). Deformability is higher if the dif-
0;, is the effective strain at the moment of fracture, in distor- fgrence betweew, and o3 (the smallest principal stress) is

tion energy hypothesis. smaller and the stress factor is the same (Ref 28).
tis time. A deformability curve (as an equation) was derived theoreti-
Ex Eys €21 Yyyr Yyz @Ndy,, are components of tensor of defor- cally by Schiller (Ref 29), Rice and Tracey (Ref 23), and Han-
mation velocity. cock and Makenzie (Ref 14).

Y, is the coefficient of utilization of reserve of plasticity.

B(t) is a function describing the nonmonotonic nature of the
process.
y; is the intensity of deformation velocity in distortion en-
ergy hypothesis.
kis the state of stress factor.
0, is the mean stress.
T; is the intensity of shearing stresses.
However, in order to make use of Eq 1, the relationghip .
flk(t)] must be known. If this function is represented graphi- 3-1 Sinking of Tubes
cally, a reserve of plasticity curve, also known as a deformabil-  The stress factor state calculated by Kolmogorow (Ref 1, 2)
ity curve, can be obtained. This curve is plotted for mechanical can be obtained from the formula:
tests, for whiclk varies within a range. Of importance is, there-
fore, the determination of range of variationkofor plastic
working processes to obtain in testing stress states similar tq, - Om - _1-38 (Eq 5)
those occurring in technological processes. T, V3V1I+3A
Numerous investigations have been made in this field at the
Research Institute of Ferrous Metallurgy in Gliwice, Poland
(Ref 4-9), including an investigation of the influence of nonho- _d
mogeneity of materials on their deformability (Ref 10, 11). An 2= ol_0
investigation was also carried out to find one test to determine
deformability of steels in different states of stress and strain
(Ref 8, 9) and to standardize specimens. An effort was made tovhered, is the outside diameter of tube after passdyyisithe
find practical solutions to the theory of boundary deformability outside diameter of tube before pass.
(Ref 7). An interest in these problems has returned in Poland The stress factor state has been calculated for the most popu-
because of new investments in metallurgy (Ref 12, 13). lar case of tube drawing, for which coefficient of friction 0.1
Wide investigations were carried out by researchers from and the half die angle = 12°. Because varies theoretically
the University of Glasgow (Ref 14-22). They investigated from 0 to 1 and practically from 0.78 to 1, the stress factor var-
stress and strain concentrations around a rigid inclusion in al€S as (Ref 4):
plastically deformed matrix using continuum mechanics. Void
nucleation, growth, and coalescence were also studied. Defor- —0.577<k<0.577 forz<1
mability curves for a few materials in the long and short trans-
verse directions were determined. Axisymmetrical and plane
strain notch tensile specimens were used. An equation of a de- -0.577< k<0.014 for0.kz<1
formability curve was derived theoretically (Ref 14) by im-
proving criterion created by Rice and Tracey (Ref 23).
However, there is no practical use of this knowledge for such 3.2 Drawing of Tubes on Stationary Mandrel

processes as tube drawmg or rolling. . . When calculating the stress factor for this working process,
El-Magd (Ref 24) published curves of deformability foriron o qeformation region is divided in two zones. For the first

and austenitic steel determined under quasi-static and dynamlgone’ a reduction zone, the stress factor is calculated in the
loading. Notched specimens in a tensile test were used. The targ, e way as for drawing tubes without a mandrel. For the sec-
getof this investigation was to study the effect of dynamic load- ;4 zone, a necking zone, the factoris calculated from the
ing on boundary deformability. following formula:

So-called failure curves are also presented in Ref 25 and 26.
These curves were determined from experiments and by a spe-
cial procedure using a yield equation. Smooth and notched ten-

a a
. ; . X vdl 0s1
sile specimens were used to determine failure curves. k= ZB\ -3 R Dg +3 (Eq 6)
0

3. Determination of Stress Factor for Typical
Plastic Working Processes

In this section variation ranges of stress factors for selected
plastic working processes have been calculated. Independent
variables were established from practice (Ref 4).
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whered, is the outside diameter of the tube at the entry into the d;
necking zone, glis the outside diameter of tube before pass, 0 <d—o <1
is the tube wall thickness after pass, apds the tube wall
thickness at the entry into the necking zone.

In that deformation zone the stress factor varies, as shown irand
the following equations (Ref 4). For the theoretical range of
variationd;/dy ands,/sy:

s
0<2t<1
dl
0<—-<1
do
the factork, varies within —1 <« < 9.6. For the variation range
and met in practice:
d
0<tcq 0.65<-1<1
S %
the factork varies within —1 <« < 5. For variation range en- and
countered in practice/d, ands;/s:
S
d, 05<=x<1
07<—=-<1 So
do
the factork, changes within —% k< 1.27.
and In the case of drawing tubes on a floating mandrel, the total
stress factor has to be calculated by taking into account the
0.33 <ﬂ <1 stress in both deformation zones. However, becaassumes
) S negative values in the first deformation zone, only the faktor,

for the second deformation zone can be employed to evaluate
] o the deformation process, which provides a greater security in
the stress factor varies within k< 2.1. drawing. From a comparison kfor both stationary and float-
The total stress factor has to be calculated by taking into ac-ing mandrel drawing processes, it is well known that in a float-
causek assumes negative values in the first deformation zone, means that by taking similar reductions, the reserve of plastic-

only the stress factor in the second deformation zone can bqty in a floating mandrel drawing will be exhausted more
adopted to evaluate the drawing process. Negative valles of gjgyly.

in the first deformation zone diminish the total value of the

stress factor, which increases the security of the drawing proc-
ess. 3.4 Drawing of Round, Full-Section Bars

Calculations of the stress factor have been made on the basis
3.3 Drawing of Tubes on Floating Mandrel of publication (Ref 30). In the drawn bar, two deformation

In this article, calculations have been based on data given by?°N€s \(vith different stress distriputions can be distingu_ished.
Kolmogorow (Ref 1, 2). The stress factor that has been com-"? the first zone where.thelmaterlal comes in .contact Wlth the
puted for the most frequent drawing conditions, that is, half die die hole surface, a cylindrical stress state exists that is deter-
anglea = 12° and coefficient of frictiorf,= 0.1. Similarly, as mined by the tensile stress;, and compressive stresses,
in the previous case, the deformation region was divided in two

ando,, of equal value. In the second, middle zone, on the con-
zones. For the first zone, called the reduction zone, the stres

rary, there is tensile stress. Because the material will fail in the
factor was calculated in the same way as for tube sinking. Forsecond deformation zone, only the stress factor for that zone
the second zone, the necking zone, the faktas, computed

has been calculated. It is described by the following equation:
from the formula:

k=0.577- 0.57% Y —1 (Eq 8)

d
k:5—6;7§=+2m§- (Eq7)
0 1 where according to Ref 30:

In that deformation zone the stress factor varies as shown in the

. . . . +tga
following equations. For the theoretical range of variation: H*79

=(1—utgo()tgc>(
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e qgvaries from 0.05 to 0.5.
*  0yKs varies from 0.14 to 0.56.
« =0.08

wherey is the coefficient of frictiony is the angle of die reduc-
tion cone,S,; is the cross-sectional area of bar after drawing,
andsS; is the cross-sectional area of bar before drawing. The range of variation for the quotiesyKs, was assumed for

To determine the range of variation of the stress factor, anorientation only. It is difficult to determine it exactly because
assumption was made consistent with practice that parameterboth these values depend on material and amount of deforma-

hencep = 4°34.

Y, a, andg vary within the following limits (Ref 41 = 0.08,a tion not permitting a more exact calculation. Therefore calcula-
=6°1t0 16°, and| = 0.05to 0.5. tions have been made for a case whigr O, that is, for a case
Calculations have shown that the stress factor in the drawingof simple drawing. The range of variation of the stress factor, as
process varies within 0.037k < 0.4794. obtained from these calculations, is 0.000000(&l<<2.52.
The accuracy with which this factor has been calculated is
3.5 Drawing with Back Tension astonishing. This was done to emphasize the difference be-

) . ) ) .. tween the stress in the drawing procéss (.00000001) and
In this section the drawing of round-section products is dis- that occurring in torsion tests on cylindrical specimérs Q).
cussed. The stress distribution was determined on the basis of Further. calculations have been carried out for the case
data contained in literature (Ref 31-33). When calculating the | v o & ¢b These calculations have shown that in drawing

stress fa}ctor, an a§sumpt!on was made thqt at the critical spo ba%k tension the stress factor varies within 0.06Rx<
there exists one axial tensile stress. On making necessary transy g1

formations the following equation is obtained:

a+1 ) o Y 3.6 Cold Pilger Rolling of Tubes

k= 0'577ﬁ @+ 0.577kf—sr(1—q)a (Eq 9) The deformation and stress states have been determined

aCOSZT based on distortion of a grid cut on the surface of the tested
tubes (Ref 1, 2). It should be remembered that the stress for this

process is difficult to define mathematically because it changes

where: from a three-axial compression to two-axial tension, depending

on the position of the deformed zone relative to the rolls. Inves-

a=(1+fctga’)cogp—1 tigations carried out by Kolmogorow have shown that the stress

factor within the tube varies from —2.8 to +0.8 depending on the

deformed zone. Kolmogorow (Ref 1, 2) also investigated the

o, 0 influence of elongation, angle of torsion, and pitch (advance)

q=1- %D on the stress factor.
H It appeared that variations of elongation and pitch have a
negligible effect on the stress factor. The angle of torsion effect

Vi-q was greater, but it did not cause major changes in the stress.
1+2m————1tga
tga’ = 1-Vi-g
9 tga 3.7 HotRolling
To calculate the stress, the method given by Geleji (cited in

where: Ref 34, 35) was used. This method applies, in principle, to rec-

a is the angle of die reduction cone. tangular sections, but it can also be used, with a lesser accuracy,

p is the arc td, f-coefficient of friction. to determine the stress distribution in other regular passes. In

g, is the back tension stress (always greater than elastionaking necessary transformations, the stress factor can be de-
limit of the material). termined from the following equation:

g is the relative reduction of cross-sectional area of drawn
bar. 0 |d 0

Dy, is the diameter of bar before drawing. k=-1.1551+ CHo a(0.86- 0.025 y) “Vv, [{1.05- 0.0003)]

D, is the diameter of bar leaving the reduction zone prior to o m o
entry to die parallel. (Eq 10)

mis the ratio of parallel zone length to diameter of bar pass-
ing through itm =1,/D,..

To calculate the variation range for the stress factor, the fol-
lowing range of variations for parameters in Eq 9 has been as-
sumed: lg=VRAh

wherely is the projection of arc of contact:

* myvaries from0.2to 1.5.
* avariesfrom6to 16°. hy, is the mean height of rolled stock:
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h, +h,
hm:—2

v, is the peripheral speed of rolls, m/s.

tis the temperature of rolled stock, °C.

ais the factor depending on roll materiaK 1 for cast iron
and rough steel rolls, = 0.8 for chilled rolls and smooth steel
rolls, anda = 0.55 for ground steel rolls).

cis the factor determined from the following equations if:

lg
0.25sh—s 1
m
then:
2
Oly O d
¢, =17 B‘_D - 29.85.~ +18.3 (Eq 11)
m[] m
if:
1< l—d <3
hm
then:
2
Olg O d
CZ:OBBTD —4.9h—+9.6 (Eq 12)
m[] m
if:
|
3s%<13
hm
then:
2
Oy d Iy
C3=0.0133.°) — 0.29;% + 2.86 (Eq 13)
i .

In the hot-rolling process the variables from Eq 10 change

within the following limits: 0.2% | y/h,, < 13, 2<v, < 22, and

900<t< 1200. The factom, assumes three values: 1, 0.8, or

0.55.

Calculations have shown that the stress factor in hot rolling

varies within —14.% k< -1.703.

3.8 Calculations of Stress Factor and Variation Range in

Hot Rolling When the Effect of Additional Friction
during Rolling in Passes is Taken into Account

for these increases. In calculations, the stress factor can be de-
termined from the equation:

|
k=-1.155a,[1 + ch—d a(0.86- 0.025/,) 4Vv, [{1.05- 0.0005t)]
m

(Eq14)

wherea, is a factor varying within 1.05 a; < 1.85. The re-
maining notations are the same as given in the previous section.
In this process the variables on the right side of Eq 14 change
within the following limits:

|
025c2<13  2<v,<22
hm
900<t<1100 1.05a,<1.85

and the factoa assumes three values: 1, 0.8, or 0.55. The cal-
culations have shown that the stress factor assumes values
within —26.45< k< —1.857.

3.9 Cold Rolling

Use was made of the theory of Nadai (Ref 36) in which an
assumption is made that between the rolled stock and the rolls,
a slip occurs with fluid friction. Such an assumption is, of
course, a simplification, but there are cases in practice for
which it can be made. Such a case exists in cold rolling where
abundant lubrication of well-ground rolls and high rolling
speeds (5 to 20 m/s) are applied. Under such conditions the fine
particles of the contacting rolls are subjected to friction, the na-
ture of which is similar to that of fluid friction. In this rolling
process the stress in metal is three-axial compressive. The
stress factor for the cold rolling process can be described by the
equation:

A
k=1.993|%1+ln (1+z)2+—TD z 2—Barctgz%—l
O 2p+z m

(Eq 15)
Variablest, z, A, andB in this equation are obtained from:
2l

A=
Vh, Ah

(2KIADIE, ~ &g+ In (1+2)] + B/(1+ )]
B=

arctg z,

Wusatowski and Ludyga (Ref 34, 35) found that rolling in
box passes increases the rolling load, the mean resistance to de-
formation, and the rolling torque. Of course, components of the
stress tensor increase, too. They gave consistent coefficients
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S %vﬁ_h - 4. Determination of Deformability Curve for K18
d 1

Steel
g,=1-—  § =1- hd] 4.1 Description of Stress State and Strain State in Tensile
1 , 0 : .
K K and Upending Tests

In determining the deformability curve (also called the
k' = 1.15k; curve of reserve of plasticity) the problem of selection of suit-
able mechanical tests is important. The most appropriate
method would be a test in which the entire curve could be ob-
tained because (Ref 4) (a) it is known in engineering that the
most comparative results are those obtained under the same
conditions (e.g., temperature, testing apparatus, environment),
and (b) the stress state and deformation state (strain) in a given
test are described differently by various authors. This compli-
cates the situation when several tests are applied because it is
difficult to choose valid equations for several tests. A further
criterion for selection of tests is the facility to determine the
commencement of failure.

where:

ki is the yield stress.

T is the unit frictional force at the slip velocity equal to the
metal speed at the exit from rolls.

l4is the projection of arc of contat}:= VRAh

Ris the roll radius.

hg and h are the height of rolled stock before and after the
pass, respectively.

Ah s the absolute draught.

o, and o; are the respective forward and back tension o L -
stresses. The fourth criterion consists in obtaining a constant value of

xis a current variable measured along the rolling line, it var- stress factor state and constant strain rate (deformation veloc-
ies within: 0 <x < VEAh ’ ity), as well as in maintaining a monotonic deformation pro-

The following variation ranges for variables in Eq 15 have 9r€Ss under conditions of the test.

been adopted from Ref 36 and 37: The final criteria for selection of a test are the costs in-
volved, the facility used for the test procedure, and reproduci-
* h=0.1mm bility of results. In these investigations the two tests were
e Ah/hyvaries fromOto 1. carried out, the tensile test on cylindrical specimens with
e D= 2Rvaries from 40 to 550 mm. turned ring groove and the compression test on cylindrical
e & =¢&gvariesfrom0.31t00.827 §f =&y = 1. specimens. These tests are widely used, are relatively inexpen-

] o _ sive, and provide reproducible results.

Calculation of the variation range for the stress factor occurring 1 tensile test carried out on specimen shown in Fig. 1 ob-
|n'th|s rolling process was rather difficult becgusg Eq 15 con- ained several points of the deformability curve by changing
tains a current variable, Therefore, by substituting the pa- 6 4/Rratio. This test does not allow determination of the start
rameters characterizing the rolling process into Eq 15 and 16,y 5jjyre (appearance of the first microcrack revealed by the
extremes (.)f the functidn= f(x) were found. I—_|enc_e, the results naked eye) because the fracture occurs suddenly and covers the
of galculatlons must be regarded as approximations. The calCuy,hole cross section of the specimen. This is precise in macro-
lations have shown that the stress factor varies within —190.8 <scopic respect, only, because the first cracks appear in the
k<-1.This .result IS |nteres't|ng,' but it should be remembered specimen axis. They are, however, not visible for the observer
that calculations are apprquatlve and refer to extreme Casesfollowing the progress of failure from the outside. The unques-
rather seldom met In practice. . tionable advantage of the tensile test is the fact that the plastic

The stress state in the rolling process is also assumed 10 bgetormation at the place of failure progresses monotonically.
three-axial compression, although itis known that fracture will 14 getermine the stress factor state and the effective strain, the

occur on the edge of the rolled strip Whgrg tensile stresses oCiqrmula given by Dawidenkow and Spiridonowa (cited in Ref
cur. However, the lack of a formula describing the stress state aj 54 2) were used.

the place of fracture did not allow for making a more precise
analysis of this problem.

Further, the method of determining the deformability curve
is given from results obtained in mechanical tests. By using this
curve, it can be determined when the reserve of plasticity will
be exhausted under given conditions of a working process.

At the fracture location in the specimen neck, the stress state
is three-axial tensile. The stress factor state determined from Eq
4 takes the form (based on the formula derived by Dawidenkow
and Spiridonowa):

d
k=0.577 +o.433R—1 (Eq 17)
1

©
i ___8}:

Fig. 1 Cylindrical specimen with a notch. (dg is diameter of
specimen at the spot of turned notch.Rpjs the radius of cur-

vature of the specimen generating line. g, =2V3 In d_o (Eq 18)
1

The effective strain at the moment of fracture will be:
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wheredgyandd, are the diameter of specimen at the spot offrac-  Static Tensile Test.This test was carried out on a 10 ton
ture before and after breakage, respectivelyRjmsithe radius tensile testing machine manufactured by Amsler. The dyna-
of curvature of the specimen generating line at the spot of frac-mometer was set at a load of 5 tons. Seven specimens were
ture after breakage. tested. The form and dimensions of these specimens were
The upending test on cylindrical specimens with orthogonal specified in standard specification. The purpose of this test
square mesh grids cut on the side surface of the specimen is awas to determine mechanical properties of steel used for in-
important test in that it allows that part of the deformability vestigations. The results of this test are megm, 7.99 mm;
curve, which is essential from practical point of view, to be ob- mean yield pointR, = 40.35 kg/mm; mean tensile strength,
tained. The variable factors in this test are the friction (depend-R,, = 54.87 kg/mm; mean elongationAs = 30.7%; mean
ent on the variety of lubricants used) and the varying ratio of elongation,A;q= 22.45%; and mean contraction (necking
specimen height to specimen diameter prior to deformation. Indown),Z = 68.52%.
this test the stress factor varies fram —0.58 (compression Tensile Test on Notched Specimensg:or this test seven
without barreling) to positive values depending on degree of specimens with initial dimensiondg =10 mm andR, = 2.5
barreling. mm, and seven specimens with notch dimensidgs,4 mm
The advantage of this test consists in providing the possibil-andR; = 8 mm, were used. Such dimensions were adopted. In
ity to determine the commencement of fracture. The fracture practice, there were some deviations. The lengths and outside
will occur on the side surface of specimen, amid the height of diameters of the applied specimens wBge= 15 mm and, =
specimen. The major disadvantage of the upending test is non250 mm and, = 14 mm andy = 240 mm.
monotonic progression of plastic deformation at the fracturelo-  The tensile test was carried out on 10 tonf (9.97 kN) tensile
cation. This considerably hinders the mathematical descriptiontesting machine manufactured by Amsler. During the test the
of deformation. However, the so-called simple compression, advance of the jaw was 1 mm/min. The radius of curvature was
that is, compression without barreling, is possible (to date in measured by the method described in Ref 39 under the work-
theory, only). In such a case the deformation process wouldbench microscope. Table 1 lists the test results.
proceed monotonically and the stress factor would be constant, Upsetting Test on Cylindrical SpecimensThis test was
k =-0.58. Such a case is practically not feasible. The stress facearried out on a press to obtain the flow rate approximately
tor and the effective strain were calculated on the basis of Refequal to that obtained in tensile testing. Because the press was
38. controlled by a lever, this flow rate could not be established ac-
curately. The ratio dfiyd,was 1 for all the specimens. Speci-
mens with a grid cut on the side surface and specimens without
the grid were both tested.

Material Tested. Investigations have been carried out on  The ypending tests were carried out under the following Iu-
K18 steel with the following analysis: 0.19% C, 0.98% Mn, pication conditions.

0.27% Si, 0.028% P, 0.023% S, 0.13% Cr, 0.08% Ni, and 0.08%
Cu. The steel was reheated in a furnace and then forged at 1180
°C to bars of 18 mm diameter. After forging, the bars were air
cooled. From this test material, standard test specimens weré

4.2 Experimental Results

Without any lubricant
With the use of a paste composed of drawing practice powder

prepared by turning and polishing for mechanical tests. Tensile
test specimens with the turned notch were turned and addition”
ally ground at the notch location.

Specimens for the upending test were turned. A part had a
grid on the surface, obtained by turning and milling. The depth
of the grid was 0.2 mm (Ref 4).

and palm oil, applied on both the end surfaces of specimen

With the use of molybdenum disulfide powder, which was
rubbed into that end surface of specimen that came in con-
tact with the movable part of the press

With the use of molybdenum disulfide powder rubbed into
both end surfaces of the specimen

Table 1 Calculation of effective strain and stress factors in tensile testing on notched specimens

Specimen dO’ dl‘ RO‘ Rl‘ k- kalv)/kav O [(k- Kav)/ kav O (giz - gizav)/gizav O [(giz _gizav)/ 9zav O
No. mm  mm mm mm k Oiz kay  100%, % 100%],,, % Oizav 100%, % 100%].,, o
1 10.0 7.0 2.554 2.308 1.891 0.24 1.887 0.21 1.91 0.229 4.81 3.80

2 10.0 6.9 2.539 2.370 1.841 0.248 ... 2.42 8.30

3 10.1 7.2 2.537 2.306 1.920 0.226 ... 2.2 1.31

4 10.0 7.2 2.541 2.41 1.871 0.22 .. 0.85 3.93

5 10.0 7.3 2.545 2.37 1.91 0.210 ... 1.21 7.86

6 10.0 7.1 2.551 2.238 1.952 0.229 ... 3.44 0.00

7 10.3 7.3 2.545 2.54 1.82 0.23 ... 3.1 . 0.43

1 4.0 2.9 7.81 1.13 1.689 0.215 1.464 15.38 7.20 0.325 33.85 17.38

2 4.0 2.4 7.77 1.352 1.344 0.344 ... 8.20 5.84

3 4.0 2.8 7.702 1.197 1.590 0.238 ... 8.60 26.75

4 4.0 2.3 7.832 1.3 1.342 0.37 8.33 13.82

5 4.0 2.3 7.755 1.148 1.446 0.37 1.22 13.82

6 4.0 2.3 7.74 1.279 1.356 0.37 7.36 13.82

7 4.0 2.3 7.811 1.098 1.484 0.37 1.36 13.82
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Table 2 Results of upending test without lubrication

G~ %) [(9;—Gza)/ k=l (k=K
Spec. Spec. hO’ hl’ dO’ dl’ Gizav o Yizav i kav n kav o
No. type mm mm mm mm hydy m 9iz k Ozav Koy 100%, % 100%],, % 100%, % 100%],,, %
1 4s 149 41 149 244 1 0.0914 1.259 0.343 1.1995 0.385 4.96 6.76 10.9 8.96
2 55 150 46 149 276 1.006 0.081 1.23 0.391.. 2.54 1.56
3 1s 149 51 149 242 1 0.0654 1.13 0.438... 5.8 13.78
4 4s 0.0792 1.1136 0.362 7.16 5.98
5 5s 0.0792 1.345 0.434 12.12 12.7
6 1s 0.0792 1.115 035 .. 7.05 9.1
7 3b 147 58 149 242 098 0.0792 1.115 0.35... 7.05 9.1
8 4b 151 49 149 267 1.013 0.0792 1.289 0.418.. 7.46 8.58

Table 3 Results of upending test on specimens with molybdenum disulfide applied on one end surface of specimen (in contact

with movable part of press)

(giz _gizav)/ [(giz - gizav)/ k- Kdv)/ (k- kav)/

Spec' Spec. hO' hl’ d0' dl' gizav gizav o I(av O kav O
No. type mm mm mm mm ho/dy m Yz k Ozay Kay 100%,% 100%],,, % 100%,% 100%],,, %
1 6s 15.0 4.0 149 2935 1.006 0.1216 1.481 0.2695 1.455 0.252 1.78 4.94 6.95 18.99
2 6s 0.1183 1.587 0.3245 ... 9.08 28.55
3 50 149 57 149 249 1 0.1183 1.318 0.132... 9.41 47.6
4 6b 150 48 149 26.7 1.006 0.1183 1.412 0.2535. 2.95 0.59
5 7b 150 47 149 276 1.006 0.1183 1.477 0.2805. 1.51 11.3
Source: Ref4
Table 4 Results of upending test made with molybdenum disulfide applied on both end surfaces of specimen

(giz - QZav)/ [(giz - gizav)/ (S kav)/ (k- Kav)/
Spec. Spec. h,, h,, dy d; Oipay O Oipay O kO kO
No. type mm mm mm mm hydy m Yiz k Oizav  Kay  100%, % 100%],, % 100%,% 100%],,, %
1 Os 150 33 150 318 1.0 0.131 1.662 0.295 1.509 0.3034 11.3 6.74 2.77 10.4
2 1s 150 43 150 288 1.0 0.1074  1.462 0.3344.. 3.12 10.2
3 7s 151 43 150 288 1.0 0.12 1.446 0.26 ... 4.17 14.3
4 8 150 4.7 150 273 1.0 0.1073  1.295 0.257 ... 14.2 15.3
5 0Os 0.1164 1711 0.374 13.4 23.2
6 1s 0.1164 1.532 0.3162 1.52 4.22
7 7s 0.1164 1.532 0.3162 1.52 4.22
8 8s 0.1164 1.438 0.275 4.7 9.36
Source: Ref 4
Table 5 Results of upending test made on specimens lubricated with a paste composed of drawing powder and palm oil

(G, =%a (G, —Gp) K=K [(k=ky)
Spec. Spec. hO’ hl’ d0’ dl’ Yizav o Yizav O av n kav O
No. type mm mm mm mm hydy m %z k Oizay Kay  100%,% 100%],, % 100%, % 100%],,, %
1 2s 150 3.1 150 340 10 0.1469 1.73 0.2447 1.627 0.1873 6.34 7.15 30.5 39.5
2 3s 150 41 150 293 1.0 0.2098 1.704 -0.0703... 4.74 137.1
3 4s 151 41 150 29.3 1.006 0.1371 1.581 0.2279... 2.82 21.6
4 55 151 48 150 27.0 1.006 0.1372 1.409 0.1345... 13.4 28.1
5 6s 150 43 150 29.2 1.0 0.113 1.428 0.2917... 12.2 55.6
6 2s 0.1488 1.930 0.3075 18.6 64.1
7 3s 0.1488 1.661 0.2045 2.09 9.18
8 4s 0.1488 1.661 0.2045 2.09 9.18
9 5s 0.1488 1.509 0.1268 7.26 32.2
10 6s 0.1488 1.659 0.2014 1.96 7.52

Source: Ref 4
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The effective strain and stress factor state were established 4
by two methods. In the first method measurements were made
of n andg from the distortion of the grid cut on specimens;

based on these dateandg;, were determined (Ref 38). In the 8
second method was established on the basis of specimen di- 16 +
ameters measured before and after deformation. With the 4 N
knownn andm, as determined by the first method (Ref 38pé- a
ing dependent on friction), determinations were madeaofig;, N2 o
(Ref 4). In this tegf andg were determined from the equations: o 0 b
log 2 Eq 19 ol
=100 —
n=log g (Eq 19) 06 -
b |-
by 02 t
& =log— (Eq 20)
b1

02 04 0,,6 08 10 12 14 16 18 20
whered, andd, are the diameter of specimen at maximum barrel- k
ing_, before _and after the test, respectively, lapendb, are the Fig. 2 Deformability curve for K18 steel (Ref 4, 5)
height of grid mesh before and after test, at the spot of fracture.

On the surface of some specimens there was an orthogonal _ _
grid with the mesh of 1 mm. Specimens designated s\itd Table 6 State of stress factor and effective strain at
the grid and those designated whithad no grid. Tables 2to 5  fracture
list the results of the upending test (Ref 4).

k Yz
0.1873 1627
5. Conclusions 0.252 1455
0.3034 1509
. _ _ 0.385 11995
Six points of the deformation curve for K18 steel were ob- 1.464 0325
tained. Final results (values of stress state factor and effectivel.887 0229

strain) are given in Table 6. Based on these data the curve of de-
formability for K18 steel has been plotted in Fig. 2. This curve practical meaning. The theory of boundary deformability can
is the image of the decreasing function. As the stress factor inhe used for practical purposes (Ref 1, 2, 7, 40).

creases, the degree of deformation (effective strain) decreases, Smooth and notched tensile specimens were used to deter-
which is necessary to cause fracture of the material. Thus, therenine deformability curves in research (Ref 24-26). The prob-
is a decrease in plasticity of the material. The well-known fact |em is that this part of the deformability curve is not essential
that plasticity characterizes not only the material but also thefrom a practical point of view.

state of stress has been confirmed.

It can be seen from Fig. 2 that with the stress fdcto®, the
pIaStiCity. of material. is very low. Hence it can be concluded that 1. W.L. Kolmogorow, Utilization of Reserve of Plasticity of Metals
there GX|StS. a certain bou['ldary \_/aluek,cﬁt which the degree during Prod%ction’ of Drawing TubeSwierdlowskojeyKniznoje
of deformation at fracture is 0. With such a stress state the steel |;4atielstwo 1966
of K18 grade will behave as a brittle material. Considering the 5 \y| = kolmogorow, Stresses, Strains, Fracturel. Mietallur-
data listed in Table 6, it can be said that the tensile test on  gjja, Moskwa, 1970
notched specimens and the upending test on cylindrical speci- 3. K. Takase, On the Creation of Microcrack by Plastic Deformation
mens did not allow (one case excepted) a stress state for which of Medium Carbon SteeRroceedings of the International Con-
the stress factor would be negative to be obtained. From the ference on the Strength of Metals and Allflskyo), 1967
analysis made in section 3, this is not necessary for the majority 4. J. PospiectPrace I1H,Vol 24 (No. 4), 1972, p 237-245
of working processes. 5. J. Pospiech, STRUCMAT 87: International Conference on Com-

Boundary deformability was widely investigated in Ref 14 ?é’:étg;]al F'\:':rt]r;gd;tljgizasﬁd':t'”I?eg"a'\‘/ltz::'ﬁgr'?igc‘igs'g%r?elfﬁ;ts
to 22. Cur_ves of deformabll_lty were determined by using cir- tional Méthods for Predicting I;\)/Ipaterial Processing befeNE,
cumferentially notched tensile specimens. Plane strain notched  pregeleanu, Ed., Elsevier, 1987, p 289-294
tensile specimens were used occasionally. Torsion tests andg 3 pospiectPrace IH,Vol 25 (No. 5), 1973, p 205-208
compression tests were not used. Industrial processes such ag . pospiectPrace IH,Vol 26 (No. 3), 1974, p 159-164
tube drawing and rolling have compressive stresses, so use forg j pospiech). Mech. Work. Technolol 10 (No. 3), 1984, p 325-
modeling only tensile tests does not seem proper. Results of this 347
investigation were used to study mechanism of failure before 9. j. Pospiechl. Mech. Work. TechnoMpl 13 (No. 1), 1986, p 5-22
cracks occurred in plane-strain conditions (Ref 21) and in10. J. Pospiechl. Mech. Work. TechnoNpl 12 (No. 1), 1985, p 93-
notched bar in bending (Ref 15), which seems to have little 114
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