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Using the analysis of dimensions, the generalized method of designing ra-
tional modes of multiple drawing of wire with dry soapy technological lubri-
cant is improved theoretically and experimentally, taking into account the
friction mode in the drawers, other process parameters and determining the
acceptable multiplicity of metal flow deformation in the mill. An algorithm is
developed for calculating the rational number of rods passes through the dies
during flow drawing, the use of which allows, in its implementation in prac-
tice, to ensure the stability of the technological process with the absence of
wire breaks with the minimum necessary (optimal) number of metal defor-
mation cycles and the corresponding energy consumption. The obtained re-
sults are consistent with the practice of industrial drawing with the use of
dry technological lubricants on a soap base and can be used in the develop-
ment of new ones and in checking the rationality of existing technological
drawing processes. In the future, it is advisable to develop a program for au-
tomatic calculation according to the above algorithm for the rational number
of passes during dry drawing, as well as use the presented approach to expand
the initial statistical database, taking into account the properties of other
steel grades that are deformed in the processes of dry and wet drawing.

Key words: metrology, dimensional analysis, measurements, wire drawing,
process stability.
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HHUM MACTHUJIOM IIPM YPaxXyBaHHi PeKUMY TePTs ¥ BOJIOKAaX, iHIITUX HapaMeTpiB
IIpolecy Ta BU3HAUEHHAM JAOIIJIBHOI KPATHOCTH HOTOYHOTO Ae)OpMyBaHHSA
MeTaJTy Ha cTaHi. Po3po0JjeHo alropuTM po3paxyHKY palioHaJIbHOI KiJIBKOCTH
MIIPOIIYCKiB 3aTOTOBKM KPi3h BOJIOKU IIPUW IIOTOYHOMY BOJIOYiHHi, BUKOPUCTAH-
HS AKOTO J03BOJISE IIPH CBOil peaJsisalfii Ha mIpaKTUIll 3a0€3IIeUYNTH CTATIiCTh
TEeXHOJIOTiUHOT'0 IPOIleCcy 3 BificyTHiCTIO 00PUBiB APOTY 3a MiHiMaJIbHO HEOO-
xXigHOol (ONTHMAJNIBbHOI) KIIBKOCTH ITUKJIIB gedopmaIllii MeTasy Ta BimoOBiZHUX
eneprosurpar. Omep:kaHi pesyabTaTu y3TOAKYIOTHCA 3 MIPAKTUKOI IIPOMUC-
JIOBOT'O BOJIOUiHHA 3 BUKOPUCTAHHAM CYXUX TEXHOJIOTIYHMX MAaCTHUJ HA MUJIb-
Hilf OCHOBi Ta MOXKYTh OyTH BUKOPUCTAHI mpM Po3poOIli HOBUX Ta IepeBipIii
paIioHaJBPHOCTH iCHYIOUMX TEXHOJIOTIYHUX IIPOIIECIiB BOJIOUIHHA. ¥ IIEPCIIEK-
TUBi JOIIJIBHOIO € PO3POOKAa IMPOrpaMM aBTOMATHUYHOTO PO3PAxXYHKY 3a HaBe-
IEeHUM aJIl'OPUTMOM PAaIllioHAJBHOI KiJIBKOCTH HPOIYCKiB IIPHM CYXOMY BOJIO-
YiHHi, a TAKOK BUKOPUCTAHHS IPEACTAaBJIEHOT0 MiX0y IJIs PO3IINPEHHS BU-
XigHOI cTaTMCTUUYHOI 6a3u JaHUX 3 YPaXyBaHHSAM BJIACTUBOCTEH iHIIINX MapoK
KPHIIh, AKi 7e(OopMYyIOThCA Y IIPOIecaxX CYX0oro i MOKPOT'O BOJIOUiHHS.

KuarouoBi cjioBa: MeTpoJorisa, aHajiza posMipHOCTeli, BUMipIOBaHHsA, BOJOUiH-
HS IPOTY, CTAabiIbHICTD TeXHOJIOTIUHOTO IPOIiecy.

(Received October 29, 2021, in final version, June 2, 2022)

1.INTRODUCTION

Hot-rolled wire rod, which is pre-produced on wire- and light-section
mills is used as a blank for single and current multiple steel wire draw-
ing. Such a wire rod carries scale layer, which is usually removed by
pickling in an acid solution before drawing. After neutralization, a
dried sub-lubricant coat is formed on the wire rod, which usually con-
sists of thin ‘soft’ layers of iron oxide and lime, borax, etc. This pro-
vides better adhesion of process when lubricant is applied to the wire
rod surface before deformation in wire dies.

Sometimes the wire rod instead of pickling is subjected to machining
(alternating bending) in a roller scale breaker [1]. This operation in-
creases contamination of the lubricant with scale dust, impairs its ad-
hesive and antifriction properties [1]. To prevent this, such a rod is
rubbed with wipers in the line, and sometimes a dry sub-lubricating
layer of powdered appropriate materials is applied on its surface [2].

The wire rod is usually subjected to drawing in the flow on the draw-
ing mills of multiple deformations in several passes. At the same time,
they try to minimize the number of passes for saving resources, but it
increases the required traction force (tension) of drawing process. The
level of this force can approach the strength of the wire, which accom-
panied by its break [1]. Therefore, the main limitation for reducing the
number of passes is the condition of no wire breaks during drawing.

When drawing wire with a diameter of 0.8—10.0 mm (and sometimes
larger) the process lubricant is usually used a dried powdered soap (fat-
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ty acid salt) of natural or synthetic origin without functional additives
or with them (lime, talc, mica, etc.[1]).

In the drawing mill, such lubricant is stored in containers installed
in front of the dies. Its involvement to the deformation centre of the
following die carries out by a moving rod passing through the bulk
mass of the powder, due to the adhesion of the latter to the metal sur-
face[1].

The amount (thickness) of lubricant together with the height of the
microrelief on the wire determine the mode of friction in the defor-
mation zone, wear of the dies, drawing force conditions, product sur-
face quality, and ultimately efficiency and cost-effectiveness of the
production process [3]. Therefore, optimization of the number of pass-
es under specific drawing conditions connected, in particular, with de-
termination of the friction mode, and becomes an important prerequi-
site for designing and implementation of appropriate rational technol-
ogy.

The friction mode is evaluated by the ratio:

...
e' — av.r. s 1
l Ra.av.i ( )
where &,,; — is the average thickness in the centre of deformation of

the lubricating layer, which according to the condition of longitudinal
continuity of the latter is associated with the thickness &;; by simple
geometric ratios at the exit of the i-th die by relation [3]:

£ ~ %(Ju’i F1)e,, )

the metal elongation factor (coefficient of elongation) while drawing in
the i-th die:

W, = (do‘i /du)z’ (3)

i is the number of die in the direction of n-fold drawing; 1 <i<n; do;, di;
are diameters of the wire at the entry (hereinafter—index «0») and at
the exit (hereinafter—index «1») of i-th die, respectively; average
height of roughness is: Ra.av.i=0.5(Ra0.i+ Ra.1.:); Rao, Ra1 are heights of
microrelief at entry of metal to the i-th die and exit from it respective-
ly, while value &1, in its turn is determined by the formula:

E_su =my /pu’ (4)

where my; (kg/m?) is the relative weight of lubricant rests on the wire
after leaving the die, p1; is related density of the lubricant.
Simple transformation on formulas (1)—(3) considering provides:
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_ mli(\/a +1)
P (R, o, + B.1)

Value 6; in the range of 3—4 indicates on friction mode close to the
liquid mode in deformation zone, thus determining the minimum val-
ues of f; in the range that is generally inherent to the corresponding
conditions of drawing process. This mode of drawing is desirable to
minimize energy consumption, despite natural increase in lubricant
consumption. Level 0;<1 indicates approach of friction mode to the
boundary one with increase of fi. Level 0,=1-3 indicates presence of
mixed friction mode, and 0; — 0 can bring the friction mode closer to
dry one with the appropriate values f; — 0.5 [4].

()

2. THEORETICAL METHODOLOGY

Known studies of these aspects relate both to the calculation of force
conditions under n-fold drawing [1, 5], and determination on techno-
logical factors affecting of soap lubricant amount residues on the wire
after drawing and formation of friction mode in dies [3].

The relevant research under the guidance of one of the authors of
this article was earlier carried out based on statistical processing of
data obtained (with participation of Dr. of Eng. Sci. I. B. Buravlev,
candidate of engineering sciences Yu. B. Sigalov, and engineer L. O.
Didenko) in Dnipropetrovsk Metalware Production Association (now—
‘DNIPROMETYZ’) during of mass wire production made of low-carbon
wire-rod made of steels: CrOM (initial yield strength or.int=340—
380 MPa), Ct3kn (Gr.umt=268—380MPa), CrlOKm (Or.imti=259-
267 MPa), Cr2xm (GT.init =230-240 MPa), Ct20kKTO (GT.init =290-
300 MPa), CBO8T'2C (Gr.init = 385—390 MPa),—having initial diameter
dinit=6.40-6.70 mm and microrelief height R,ini=2.0—-6.4 um, pro-
duced by hot rolling process with application of accelerated cooling
method in Stelmor line at PJSC ‘Arselor MITTAL Kryvyi Rig’ [6], also
steels Cr3km after natural air cooling (or.ni=185-190MPa) and
Cr3km after forced active (‘intensive’) cooling from rolling tempera-
ture down to 550°C (Or.init = 480—540 MPa).

Wire samples with diameters di;=5.90—-2.45 mm after drawing at a
speed V;=0.6—15m/s in n=1-6 passes respectively, and with diame-
ters di; = 2.95-1.25 mm after deformation in n=1-7 passes of semi-
finished annealed rod of diameter dinis=2.95—-3.95 mm were taken for
research. A total of 100000 products were made and 50—-100 samples of
wire were taken for each steel.

The mechanical properties of the wire samples were determined dur-
ing standard rupture tests, the height of the microrelief—using pro-
filometer of model ‘283, and the amount of lubricant residue on the
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same—by weight method [3] using scale AIIB-200 type.

The following lubricants were used:

— sodium soap powder (as a base) in the initial state without any ad-
ditives (hereinafter—‘SP’ marked),

— sodium soap powder with addition of 10% talc (‘SPT’ marked);

— sodium soap powder with addition at its initial state of 15% lime
after heat treatment in a special installation at a temperature up to
150°C (‘SPL’ marked).

When passing of processing wire through the deformation line in
the drawing mill, its microrelief is smoothed, and the surface layer of
lubricant is repeatedly thinned, subjected to heating (up to 200-
500°C), compaction and may be incompletely transferred to the next
die. As a result, in the containers before the dies, the lubricant is satu-
rated with the products of wear and thermal decomposition, loses anti-
friction efficiency, and is periodically (often in uncontrolled manner)
replenished by a worker, usually in the first container with fresh lubri-
cant. Therefore, samples of these lubricants were taken periodically
for analysis with averaging of their composition during the working
shift of the drawing mills. It is worth mentioning that in the course of
research there was a significant scatter of all experimental data (val-
ues of coefficients of variation reached 0.2-0.3), which is due to the
instability of the rod’s parameters and production conditions of the
drawing processes.

The density of used lubricants in the first container in the drawing
direction on average was: for SP posr=2690kg/m, for SPT
PospT = 2730 kg/m, for SPL PosPL = 2900 kg/m [3]

As a result, the density p1; of lubricants residue on the wire towards
the exit of the next i-th die increases with growth of cumulative metal
elongation factor (cumulative coefficient of elongation):

2
d,
~ — | Zinit 6
Hy; ( 4 ] (6)
in accordance with the empirical relation:
Py = po(L+a(inp,,)"), (7)

where for lubricant SP, a=0.340, 4=0.583, for SPT a=0.513,
b=0.226, for SPLa=0.345,b=0.198[3].

The formula of the view (6) is similar to equation (3) and is also used
to determine the one-time coefficient of elongation in the i-th pass at
dinit = dOi-

The previously performed dimensional analysis and subsequent sta-
tistical data processing revealed the dependence of the relative lubri-
cant amount m; (kg/m?) on the wire surface on the drawing speed V;,
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the initial (before i-th die) yield strength ore; and the corresponding
roughness of the metal R.o;. In this case, the lubricant composition was
factored into its density pi;, the degree of deformation mediately—by
introducing into the calculation formulas of the wire rod diameter do;
at the entry to the next i-th die and wire diameter di; at its exit, and the
change in height of the metal microrelief after and before of i-th die
R.1;/R.0: that was depending on mass m;, drawing stress o; in the i-th
pass and the metal yield strength ori; after deformation by empirical

relation:
R 0.61 0.65
r= a.li _ 057( mi J ( Gi J s (8)
Ra.O.i pliRa.O.i GTav.i

where the ratio ¢;/0rayv.; is determined using the known theoretical for-
mulas, for example [5]:

% _lnp, +0.770 + fizln R 0,800y, ,
GTav.i a+a + ]L; ln Hi csTav.i((X' + /i 111 “’i + 0’ 8(].)

9

o is half of the die cone angle (in common cases it is . =0.1 + 0.03 radi-
an for steel wire drawing process), f; is friction factor, p;=(do;/d1:)? is
metal elongation factor in the i-th pass, or.yv.; is average value of yield
strength in the pass.

For the first pass the following shall be adopted [5]:

1
Orav.i = g(GTOi +20,y,) (10)
and for the other cases:
1
Orav.i = E (Opo; + Oppi)- (11)

In absence of experimental values of or;, while calculating value of
cumulative elongation factor pus; before and after the i-th pass, oray.; can
be determined using the empirical formula [5]:

Op = Ogjmir T u\lln Msi» (12)

where dimensional factor u is equal: for steel CrOM 412 MPa, for steel
Ct3Km, cooled in Stelmor line 372 MPa, for steel Cr3xn after natural
air cooling 380 MPa, for steel Cr3xn after forced active cooling from
rolling heat to 550°C 258 MPa, for Crl10xa 415 MPa, for Cr2xkm 413
MPa, for Cr20kn 510 MPa, for CBO8I'2C 451 MPa.

Using the method of inverse calculation by formula (8) allowed to
determine that f;=0.08—-0.24, and approximation of almost invariant



APPLICATION OF DIMENSIONAL ANALYSIS 837

dependence f; on criterion 0; under conditions of mixed and liquid fric-
tion in deformation zone for different lubricants creates relation [7]:

_ &
h+qb,’

where g=0.25, h=0.88, ¢=1.08.
If in equation (9) we use or1.;, instead of value Gray.; we will obtain
formula[5]:

f (13)

flnp, N 0.8fa

% —Iny, +0.770 + — :
oa+a”+fInp,  o+flny +0.8a

Or1i

(14)

which is used in assessing stability of drawing process: in particular,
value o;/or1.:< 1 indicates of a high probability of wire breaking at exit
from the i-th die.

As a result, by setting the values m; and R..1; alternately and start-
ing from the first pass, it is possible to determine the parameters that
characterize the stability (or instability) of the multiple drawing pro-
cess.

Technological calculations shall take into account the difference be-
tween the cumulative elongation of metal as per formula (6) and elon-
gation ; in the i-th pass as per expression (3)[1]:

My = HHL (15)
i=1

At ;= const for all passes, equation (15) is presented as under
—at exit from i-th pass:

Uy = Hi’ (16)

—at the end of drawing path (at exit from the n-th pass):

My, =My = 1 (17
The drawing multiplicity is calculated accordingly [1]:

_ Inp,
Inp,

or
=gy = " (18)

In practice the elongation factor in the first pass (at i =1) is assigned
by 5—7% less than the average value with corresponding redistribution
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of other ; values within ps framework. This leads to increase of lubri-
cating layer thickness and improvement of friction conditions
throughout the drawing process.

Also, it is known that one of the key factors in the efficiency of
drawing process—that the overall metal elongation factor pus, can be
achieved by different number n of passes, which affects the other pa-
rameters of the process.

The disadvantage of the known approximation of statistical data [3]
presented above is the lack of consideration of the obvious influence of
the drawing ratio n, even at the same values of the overall degree of
deformation s, and half the angle of the die cone on formation of fric-
tion mode and the respective drawing stability. This reduces their gen-
eralizing properties and prevents a reasonable determination of the
conditions for the production process optimization.

The aim of the work was to develop approaches to the design of ra-
tional modes of multiple wire deformation with dry soap lubricant,
taking into account the multiplicity and other parameters of the draw-
ing process.

3. RESEARCH RESULTS

The presented shortcomings of the known researches have led to rea-
sonability of expediency of returning to the analysis of initial statisti-
cal information [3] which is described above.

Now it has been taken into account that the lubricant attracting to
the deformation zone during drawing depends on properties of the lub-
ricant, diameter, roughness and yield strength of the wire rod, its
movement speed, as well as conditions of metal deformation: die geom-
etry and number of in-line deformation cycles (drawing multiplicity).

Therefore, when conducting an extended (as compared to work [3])
dimensional analysis, with appropriate algorithm [8], generalizing
formula for i-th drawing pass was presented as under:

m,, = X0V, 2o R1dX°d; i pit®, (19)
where X0—-X'7 — arbitrary parameters, which further shall character-
ize the type of relationship of variables with the response function mi;.

The last member p;; was included in the list of variables in equation
(19) to compensate for the dimension quantity ‘kg’, which is proper to
variable o10;, only and due to the impossibility of experimental deter-
mination of the dynamic viscosity of dry powdered lubricants before
their entering to dies.

The dimensions of the indicated variables and the response func-
tions are as under: V,—m-s?, oro—N/m?=kgm?ls? a—
dimensionless, R.,—m, do—m, di,—m, i—dimensionless, pi;—kg-m3,
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mu—kg-m™2.
In accordance with formula (19) equation «in dimensions of quanti-
ties» looks as follows:

kg-m?=(m-s ) (kg m s 221 B m¥mPm¥61 X7 (kg-m3)*E. (20)

Further, from expression (20) we obtained a system of equations
that determine «balance» of quantity dimensions: for quantity dimen-
sion ‘kg’: 1 =X2+ X8, for quantity dimension ‘m’: -2=X1-X2+ X4+
+ X5+ X6 —3X8, for quantity dimension ‘s’: 0 =-X1-2X2.

Consideration of this system resulted in the following:

X8=1-X2,X1=-2X2,X4+X5+X6=1,0orX4=1-X5-X6.
This led to corresponding equivalent change in formula (20):
kg.m—Z — (m-s"l)_ZXz(kng"l-S"Z)XZ 1X3m1—X5—X6mX5mX61X7(kg.m—3)1—X2,

and when replacing the dimensions with appropriate parameters—
identical replacement of equation (19) by the expression:
mli — XOI/i—ZX2G;(O2iaX3R;(;i}(S—XGdg(5dfi(6iX7pi;X2. (21)

After that, collecting parameters with the same dimensions into di-
mensionless groups, obtained:

X2 d X5 d X6
™ _xo (%} a X3 ( 0 J (¢J (i)X7 . (22)
P10 Vipu R, R,

The left part of formula (22) is similar to value 6 of friction mode as
evidenced by its comparison with formulas (1) and (4).

The second member of the right part is clearly a characteristic of
hydrodynamic phenomena, which largely accompany transfer of dry
process lubricant to the deformation zone in the die.

According to the corresponding known theoretical formulas [4, 9],
the thickness of the lubricating layer (amount of lubricant) on the wire
is related inversely to the metal yield strength ore;, and at the same
time the drawing speed Vy; can cause both increase (more often) and de-
crease of the lubricating layer thickness due to a complex effect of
temperature and the appearance of the so-called ‘tunnel effect’ [10].

The third member of formula (22) is dimensionless, so it can be rep-
resented both separately with its exponent X3 and as a part of any di-
mensionless combination of this equation members.

It should be kept in mind that in mathematical expressions that de-
scribe the hydrodynamic lubricant transfer to the deformation zone
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during metal processing by pressure, increasing half the angle of the
die cone qualitatively determines the effect which is the same as pa-
rameter oro; [4, 9].

The fourth and fifth members of the right-hand side of equation (22)
together characterize both the relative height of the microrelief of the
rod and the total metal elongation coefficient uy; at the exit of i-th pass
as per formula (6).

Since parameters X0—X8 at this stage are not quantified and taking
into account the above considerations it becomes correct to convert ex-
pression (17) to the form:

V2 X1 R X2
M = mli — A( i P ] ( a.O.ij (“Zi )X3 (i)X4 , (23)

Py R Oroi* d

a.0.i 1i

where A = exp(X0) and values X0—-X4, in general case, differ from the
previous list of relevant parameters as in formula (19).
A polynomial was obtained by taking logarithm of the formula (23):

my;
PR

a.0.i

In

LY 1i

i

2
- XO+Xl(mJ+X21n(%j+X31np+X4lni. (24)

Using the methods of regression analysis[11]in accordance with the
array of experimental data presented above and expression (24), we
determined the values of X0—-X4 and A.

The adequacy of the model was judged by comparing the calculated
(with the index °‘calc’) values of the dimensionless combination
W =mu;/(p1:Ra0i) as per formula (23) with its experimental (index ‘exp’)
data using:

— levels of multiple correlation coefficient R and the average value

of absolute (index ‘abs’) deviations for j-th implementation (1 <j<k):
k

G, = Z|(VVexp W)/ k| as generalizing characteristics of approxi-
j=1

mation quality;
— the value of the standard deviation S and average value (index
k

‘av’) of deviations with their signs: G,, = Z(W

exp

-W_.)/ k as char-
j=1

acteristics of mutual deviation of the centre of scatter of experimental

and calculated data.

At the first stage, the whole array of static data was subjected to
consideration without selecting groups corresponding to the used lub-
ricants and steels.

However, the obtained results were characterized by low values
R=~0.5, and a detailed analysis of data revealed that too large values
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Gans, Gy and S took place in subgroups of used steels which were char-
acterized by combination of all lubricants. This can be explained by the
specific properties of lubricants (availability of additives, pre-heat
treatment, etc.), which determine their efficiency and transfer to the
deformation zone.

Therefore, in the next step, after extracting approximately 3% of
the data that were recognized as errors, regression analysis was per-
formed for the following options: all technological lubricants, when
using all steels; process lubricant MP, with the use of which the corre-
sponding steels were deformed; process lubricant MPT, with the use of
which the corresponding steels were deformed; process lubricant MPL,
with the use of which the corresponding steels were deformed.

The results and evaluation of the quality and approximation of ex-
perimental data as per formula (23) are presented in Table 1.

The analysis of the presented data testifies on satisfactory quality of
the approximation, especially taking into account the fact that the
output experimental data were obtained under production conditions,
which are characterized by instability, insufficient controllability of
parameters and negative human influence.

Therefore, it was considered that the obtained results can be used in
the test mode to assess the optimality of the drawing technological
process in relation to the rational determination of the number of pass-
es in multiple deformation.

Calculation algorithm worked out by the authors includes the fol-
lowing steps.

1. Definition of initial conditions for metal deformation: diameter
dinit of input wire-rod and its roughness value R,.i.; desired final wire
diameter d,; steel grade, kind of lubricant; drawing speed in the first
Vi1 transition; value of dies semi-cone angle a.

2. Determination of total elongation us as per formula (6) and de-
sired number n=1, 2, ..., 6 or 7 passes according to calculation vari-
ants, which will be analysed from view point of minimization n and
possibility of drawing process under condition of no wire breaks.

3. Determination of elongation factors w; in each of i-th passes
1<i<n in accordance with formula (18). In case of elongation factor
reduction in the first pass (at i=1) less by 5—7% as against expected
value, it will be necessary to revise accordingly other ; within frame-
work s for i > 1 according to formula:

1

n-1
Moy = ] :‘ L - (H”—J : (25)
i=1 i=1
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TABLE 1. Parameters and quality characteristics of experimental data ap-
proximation.

) Approximation parameters as per formula [Approximation quality evalua-
Drawmg (23) tion
conditions

A-expx0 | x1 | x2 [ x3| X4 | R | Gu | G |

All lubri-
cants

MP 10.930-10° -0.258 -0.674 0.715 -0.058 0.86 0.511 -0.139 0.661
MPT 4.493-10° -0.411-0.727 2.032 -1.534 0.82 0.3991 -0.222 0.4043
MPL 5.385-10° -0.098 -1.321 1.256 -1.535 0.78 0.29 -0.028 0.38

0.436-10° —0.296 -1.065 1.688 -1.377 0.77 0.351 -0.172 0.423

4. Calculation of cumulative elongation factors ps; before exit from
i-th passes as per formula (15).

5. In accordance with formula (6)—calculation of wire diameters
values dy; at exit from i-th dies as per expression:

d, = s (26)

“’21’

6. Calculation of speed mode in direction of drawing path using for-
mula[3]:

v, =ty (27)
Mg

where V1 1, Vi,—wire speed at exit from the first and i-th die respec-
tively.

It should be borne in mind the possible correction of the calculated
values di;, W and py;, that is due to the need to reconcile these parame-
ters with the actual kinematics and necessity of some wire stock accu-
mulation on intermediate traction drums of multiple drawing mills, as
well as adopted at many metalwork companies dies diameter d;; range
(e.g.in production of the latter with a step of 0.05 mm).

7. Calculation of values p1; for selected lubricant as per formula (7).

8. Calculation of values oro; and or1; for selected steel as per expres-
sion (12) and or.v..—as per formulas (10) or (11) for related passes.

9. Determination according to Table 1 data and formula (23) the lev-
el of dimensionless group M = mi;/(p1:Ra.0.) for i-th pass starting from
the first one.

10. Determination according to equation (9) the level of dimension-
less group oi/0reep.; fOr i-th pass starting from the first one. Thus, for
the first iteration step considering level of friction factor it is neces-
sary to adopt its probable average value f;~ 0.16.
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11. For i-th pass starting from the first one, determination of di-
mensionless group 7= Ra.1.;/ Ra0.. according to formula (8).

12. Determination of level of friction mode indicator 6; considering
formulas (1), (5) and dimensionless groups M =m1;/(p1:Ra0.) as per
equation (23) at algorithm step 9 and r = Ra..1.;/ Ra.0.: as per formula (8) at
algorithm step 11 is carried out as a result of combination of corre-
sponding dimensionless groups resulting in the following:

MR, " +1)

0= .
r Ra.OAi + Ra.l.i

(28)

13. Calculation of adjusted value of friction factor f; as per formula
(13).

14. Comparison of f; last value with its previous value. If difference
is more than 5-10% you shall return to algorithm step 10, specifying
the last calculated value f; and, if necessary, repeat this iterative pro-
cess till a satisfactory match of f;last and previous values is obtained.

15. Use of required parameters for determination of ratio o;/oT1;,
which characterizes safety margin of wire strength at exit from i-th
die as per formula (14).

At o;/or1:< 1 it is necessary to pass to similar calculations for the
subsequent drawing passes up to i=n. It should be kept in mind that
the outlet geometric and kinematic parameters of the previous pass
become inlet parameters for the next pass.

In case o;/or1; > 1 the calculation shall be terminated with conclusion
that it is impossible to implement the drawing process with multiplici-
ty n and selected distribution of elongation factors in passes. This ne-
cessitates an increase of n.

16. Repetition of actions according to the presented algorithm at
higher drawing multiplicity n.

17. Formulation of a recommendation on the minimum acceptable
drawing ratio, which will be optimal for certain conditions.

As an example, according to this algorithm calculated conditions of
wire rod deformation with input diameter di,it=6.5 mm from steel
Ct3km 3 with initial yield strength or.i.it =275 MPa and characteristics
of strengthening u=372 MPa, value R.init=3 um on final diameter
d,=2.45 mm at a speed V.1 =1.5m/s of drawing at exit from the first
die and value of half the angle a.=0.105 radian of die cone (step 1) with
the use of lubricant MP, for which density p:; is determined by equa-
tion (7).

Calculations were performed at multiplicity n =4, 5, 6 and 7 passes.
The results obtained are shown in Table 2.

The analysis of these data shows that under the above conditions of
dry wire drawing the rational (optimal) amount is n =5 passes of mul-
tiple deformation, which is consistent with the practice of sustainable
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industrial management of such a process. At n =4 passes, it is probable
that the wire will break at the exit of the second die, thus preventing
the process wire from entering the next die and in general—obtaining
products. At n=>5, 6 and 7, the stability of the drawing process is en-
sured, but the use of extra cycles of metal deformation due to use in the
process of the appropriate number of dies and traction drums with
their electric drives, a priori reduces the energy efficiency of the tech-
nology.

4. CONCLUSIONS

Using dimensional analysis, the generalized method of designing ra-
tional modes of multiple wire drawing with dry soap lubricants has
been improved theoretically and experimentally, taking into account
the friction mode in dies, other process parameters and determining
the appropriate multiplicity of in-line metal deformation in the draw-
ing mill.

The presented algorithm for calculating the rational number of
passes of the rod through the dies during the in-line drawing allows in
its practical implementation to achieve the stability of the technologi-
cal process with no wire breaks and minimum required (optimal) num-
ber of cycles of metal deformation and corresponding energy consump-
tion. The obtained results are consistent with the practice of industrial
drawing with the use of dry soap-based lubricants and can be used in
the development of new and testing the rationality of existing drawing
processes.

In future, it is advisable to develop a program for automatic calcula-
tion of rational number of passes for dry drawing with application of
the presented algorithm, as well as using the presented approach to ex-
pand the outlet statistical database taking into account properties of
other steel grades that are deformed under dry and wet drawing pro-
cesses.
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