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Economic aspects of cutting with diamond-coated wire

P. CICHOSZ
Wroctaw University of Technology, Wybrzeze Wyspianskiego 27, 50-370 Wroctaw

Cutting with diamond-coated wire is of a great importance at shaping hardly workable materials. As
the time goes by, due to the tool wear, cutting abilities of diamond wire are reduced up to 50%. Because
of variable cutting capacity, using the full machining capacity of a wire in its entire lifetime would require
a highly complicated feed drive kinematics of machine tools. The decreasing cutting capacity increases
the operation costs and makes difficult taking the decision on the wire replacement. The paper presents
a methodology of determining time, efficiency and costs of cutting with diamond wire. The results were
verified with an experimental example. The presented mathematical formulae, used for the required trans-
formations and calculations, have simple mathematical structure that is easy to be used in industrial con-
ditions.

Keywords: diamond wire, cutting, efficiency, costs

1. Introduction

Cutting with abrasive wire reinforced with diamond grit is used for shaping hardly
workable materials like ceramics, glass, minerals, laminates, liquid-sensitive materials
etc. [2, 4, 7, 8, 9, 10]. Advantages of abrasive wire cutting are: low cutting tempera-
ture, very low surface structure defectiveness after cutting and a possibility of cutting
along curvilinear paths [2, 3]. Disadvantages are: relatively expensive tooling and
variable cutting capacity during the lifetime. Because of variable cutting capacity, us-
ing the full machining capacity of a wire in its entire lifetime would require a highly
complicated feed drive kinematics of machine tools. Due to the proceeding tool wear,
its cutting ability can be reduced even by half [2]. Too long operation of a wire results
in a significant drop of cutting capacity, and too early replacement increases the por-
tion of tooling in the manufacturing costs. So, the questions arise, when the wire
should be replaced with a new one and what should be the optimum dullness criterion.

2. Methodology of determining efficiency and costs of diamond wire cut-
ting

In the cases where instantaneous speed of the tool is constant within its entire life-
time, as e.g. during cutting with a circular or band saw, determining the principal cut-
ting time ty does not make any problem since that time depends on the applied cutting
parameters, and more precisely on the feed rate vs.
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where:

A, — cut area of the workpiece in mm?’,

I, h —length and height of the cut contour in mm,
Q. — instantaneous cutting capacity in mm?/s,

Vi — feed rate (cutting rate) in m/s.

In this case, dullness condition of the mentioned tools does not affect the instanta-
neous cutting capacity but only the change, usually unfavourable, of technological ef-
fects like shape and dimension accuracy, surface layer quality of the workpiece etc.

Determining the principal cutting times (average for the whole product series), in
which the instantaneous capacity is variable within the tool lifetime, as it happens e.g.
during cutting with abrasive wire, requires a different approach.

Cutting with an abrasive wire can be performed in two basic kinematic versions:
with constant pressure (Figure 1a), when the force acting in the direction of the work-
piece travel in relation to the tool is constant (F; = const.), and with constant feed rate
(vi = const.) (Figure 1b).

a) b)

Fy=const.
F;= const. 4

'l_'f: CONST. s Vy = CONSI.

P ——
As,= const.

-

Fig. 1. Variants of kinematic cutting: (a) with constant pressing force, (b) with constant feed

Application of wire cutting at constant feed rate vs is favourable with regard to its
easy technical realisation. However, it is unfavourable with regard to the necessary
low feed rates v; which must correspond with the final stage of the wire lifetime and
are much slower than at the beginning of the lifetime. This is because at the feed rates
exceeding the wire cutting abilities, the workpiece travel in relation to the wire is
faster than the real cutting speed. This leads to excessive transverse load of the wire
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that results in its increasing deflection and, as a consequence, deteriorates the ma-
chining accuracy, and can even bring about the wire break. To prevent this, one should
use the mentioned lower feed rates to secure that the cutting process will follow the
workpiece travel in relation to the wire during its entire lifetime. With this approach
however, the initial cutting abilities of the wire, ca. twice as high as at its lifetime end,
are not fully utilised (Figure 2).

a) b)
e, Ve,
[mm?/g] A, [mm?] [mm/s]

I~
’ —
oz Vip(Te)
I
CUARED et f. [

Fig. 2. Changes of (a) instantaneous capacity Qg and (b) principal cutting time tg
and cutting speed with constant pressing force during the wire lifetime T,

In the kinematic system with constant feed rate (Figure 1b), the principal operation
time is calculated from the formula (1), and the permissible feed rate (cutting rate)
Vigop 1 calculated from the formula

Vfdop = QC::TC) 5 [mm/S] (2)

where Qcn(re) 1S instantaneous wire cutting capacity at the moment of meeting the dull-
ness criterion in mm?/s.

The most favourable results of abrasive wire cutting, with respect to accuracy and
efficiency, are obtained with constant pressing force. The pressing force is selected to
obtain sufficient cutting accuracy that depends mostly on the wire deflection and, at
the same time, it must not be so large to break the wire (fatigue failure).

Performing rectilinear wire cutting with constant pressing force is relatively easy,
e.g. by gravitational drive (weight, strand, roller). In the case of curvilinear cutting,
especially of closed contours, applying constant pressing force is much more difficult
and requires using adaptative control systems or manual guiding of the workpiece.

In a kinematic system with constant pressing force, the principal cutting time ty de-
pends on cutting speed Vir changing along the lifetime T, and conditioned by varia-
tions of the wire cutting properties (Figure 2).
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‘4’ f, [‘\:] /5 ¢
[mm?]| A l/
1= b4A4+b3A3+b2A2+b1A+b0
Agy . _ Ti+1)
Tety | 0 <
I
:’1(1') - ATc
T, N Ay A1y
d fan)
oy | T Te(s) T t, 5] 1A 4 A, [mm?]
Fig. 3. Change of principal cutting time ty during Fig. 4. Time of cutting-out a specific area dur-
the wire lifetime T, ing the wire lifetime (inverse function (A)™)

Methodology of determining the principal cutting time t; with known Qc(t)
function is as follows:
1. Determining the relationship A(t) (3) (Figure 3),

At) = I Qudt, [mm?]. 3)

2. Determining the inverse function to A(t)

Using the A(t) function to determine the principal machining time ty; for a specific
area A of the processed workpiece is rather complicated. It is much easier to use the
inverse function (Figure 4).

The existence condition of the inverse function is that the integrand A(t) (Figure 3)
1s a multi-valued function in the interval <0;T.>, which in this case means that it is
monotone.

3. Calculation of the principal time of the i-th operation

10, =t(A)-t(A) [l )

It results from the diagram in Figure 4 that, for identical cut area A,, the principal
machining time will depend on the wire wear condition.

The presented procedure includes the following assumptions:

— the principal machining time of one workpiece is calculated,

— the principal machining time is shorter than the wire lifetime,

— the machining is performed with one wire.

To determine efficiency and costs of wire cutting in more complex industrial con-
ditions, it is necessary to build some general functions. First, the relationship is pre-
sented for the principal cutting time of one workpiece with the area A, = hl, calculated
as average value for a product lot ns, and assuming that the task can be executed by
a few cutting wires.
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The work task is presented in Figure 5.

r [5]
ter. | Wire IIT
Rz l /f‘ ire
r
AP
T,
Wire IT
Fy
i
Wire I ey
) Az | Az, | A A, [mm2]

Fig. 5. Time for cutting a defined cut area of all workpieces (Ng;"Ap),
which requires using cutting abilities of more than two wires

The total number Ny, of wires required for production of ng, pieces is calculated
from the relationship

n I '{nsz pJ [pes] (5)
intTe — 11 ) CS
int T AT p

c

where At is total area that can be cut with one wire, mm>.
The remaining area Agr. to be cut out with the last wire is

ARTc =Ny, Ap —Minire ATca [mmz] (6)

The working time trr of the last wire for cutting out the remaining area Arrc (Fig-
ure 5) is

trre Zt(AYARTC>)’ [s]. )

The average principal cutting time for the whole product lot (Figure 5) is
Migere Te +1
o — tTc'c RTc , [S] (8)

nSZ

Having calculated the average principal cutting time, one can calculate the average
operation time g, [6]
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tﬂ:w%a{m%+%@+%qk+&)[q 9)

nSZ c

where:
t,; — lead-in/lead-out time, in min,
t, — auxiliary time in min,
t;n — tool change time in min,
k, — index of the supplementary time.
The efficiency W is the inverse of the unit operation time ts,

W =t,", [pes/s] (10)

The average cutting operation cost K; can be calculated as

K. +K K
K.=—n__tmt 4+ N [EUR/pc 11
i 3600 %1, [ pc] (11)
ty
where:

Km — operational machining station cost in EUR/h,

Kim — operator's pay in EUR/h,

Ky — wire cost in EUR.

The first segment of the relationship (11) considers the machining station cost and
the operator's pay per average operation time t;. The second segment considers the
wire cost related to the number of pieces processed during the wire lifetime.

The presented formula for unit operation costs is related to the most frequently oc-
curring cases, when the abrasive wire not completely worn on machining the last piece
in the lot can be used in another machining task. Thus, a fraction of the wire value is
included in the tooling costs, adequately to its utilisation degree [6].

3. Example of determining efficiency and costs of abrasive wire cutting

The efficiency and costs of diamond wire cutting were determined with the fol-
lowing conditions and parameters: kinematic cutting with constant pressing force
Fi = 2 N, rectilinear cutting of silicate ceramic material, cut section hxl=6x12 mm,
cutting speed V. = 8.5 m/s, wire tension force F, = 10—12 N, cutting without cooling,
Ky = 333 EUR, K, = 3.33 EUR/h, K, = 10 EUR/h, ng, = 1000 pcs, t,; = 2 min,
tp,= 10 min, t,= 0.5 min.

On the ground of the experimental results [2], the time relationship of the instanta-
neous cutting capacity Qc(t) within the entire wire lifetime was determined, as shown
in Figure 6.
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Qe mm’/s
Instantaneous efficiency = f(t)

12,0

10,0 4

8,0 4

6,0 -

4,0 1

2,0

0,0 T T T T T T T
0 1000 2000 3000 4000 5000 6000 7000 8000
Time t, s

Fig. 6. Relationship between instantaneous cutting capacity of a wire and its working time

Having integrated the relationship Qcn(t), one obtain the relationship between the
cut area and the wire working time A. Results of numerical integration using a simple
Excel datasheet are shown in Figure 7.

A, mm’ A =fit)

0+ T T T T T T T
0 1000 2000 3000 4000 5000 6000 7000 8000

t.s

Fig. 7. Relationship between cut area and the abrasive wire working time

The function shown in Figure 7 is a multi-valued function, which allows finding its
inverse function. Inversing a function written in an algebraic form is very difficult and
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in many cases impossible or giving many solutions. However, if the relationship is
written in a tabular form, it can be inversed using simple matrix calculus. The inverse
function is shown in Figure 8. The regression coefficients of a second-degree polyno-
mial describing the relationship in Figure 8 were determined using the least square
method.

t = 0.00000275A%+0.1014A+39.67, [s] (12)

In Figure 8, experimental results are marked with dots and the regression function
with a solid line. The equation describes the experimental results in sufficiently exact
way.

The machining function given by (12) and shown in Figure 8 describes variable
cutting properties during the wire lifetime in an indirect way. Knowing this function is
necessary for determining efficiency and costs of abrasive wire cutting.

To determine the average operation time per piece ts; or unit costs K;, one should
subsequently insert the related data to the formulae (6-12).

For the data listed at the beginning of this section, the calculated values are:

— average operation time t;; = 50.78 s/pc,
— average cutting capacity W = 0.0197 pc/s,
— unit operation cost K; = 0.66 EUR /pc.

t,s Cutting time t = f(A)
8000

7000 =
6000 f
5000
2000 |
3000 -
2000 |
1000

0o T T T T T T T
0 5000 10000 15000 20000 25000 30000 35000 40000

A, mm’

Fig. 8. Relationship between cutting time and cut area
6. Conclusions

Methodology of determining the time, efficiency and costs of cutting with dia-
mond-coated abrasive wire were presented, as well as methodology of determining the
optimum wire dullness criterion. The results were verified by an experimental exam-
ple. The presented mathematical formulae used for transformation and calculation of
the required relationships are mathematically simple and can be easily determined by
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means of datasheets, e.g. in Microsoft Excel program, although the applied optimisa-
tion procedures are complex.
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Ekonomiczne aspekty cig¢cia struna diamentowa

Cigcie za pomocg diamentowych strun ma duze znaczenie w ksztattowaniu materiatow
trudnoobrabialnych. Zmienna wydajnos¢ cigcia moze komplikowaé kinematyke napedu po-
suwu obrabiarek, jesli chce si¢ wykorzysta¢ petne mozliwosci obrobkowe struny. Zmniejsza-
jaca si¢ wydajno$¢ cigcia zwigksza koszty operacji oraz utrudnia podjgcie decyzji, kiedy wy-



14 P. CicHOSZ

mieni¢ strung na nowa. Wyniki badan zweryfikowano przyktadem doswiadczalnym. Przedsta-
wione formuly matematyczne, shuzace do wymaganych przeksztatcen i obliczen zaleznosci,
maja prosta budowe matematyczng dajaca si¢ tatwo zastosowa¢ w warunkach przemystowych.
Opracowana metodyka ma ogo6lna formule.
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Structure and hardness changes in welded joints
of Hardox steels

S. FRYDMAN, L. KONAT, G. PEKALSKI
Wroclaw University of Technology, Wybrzeze Wyspianskiego 27, 50-370 Wroctaw

In the article, the structure and change in hardness of the welded Hardox 400 and Hardox 500 steels
have been presented. It has been shown that structures of lower wear resistance are being created as a re-
sult of welding those materials in the “as delivered” state (i.e. with the tempered martensite structure)
within the heat-affected zones. They are as much as up to 90 mm wide, and that causes their non-uniform
and fast wear in the anticipated applications. Based on microscopic tests and hardness measurements
a method of thermal joints treatment has been proposed, consisting in their hardening and low-tempera-
ture tempering (self-tempering) at the heat-affected zones. It leads to reproduction of that area structure,
similar to the native material structure. In the laboratory conditions, a heat treatment differing from the
usual practice (stress-relief annealing or normalizing) has not led to welding incompatibilities (cracks).

Keywords: wear-resistant alloys, martensitic steels, welded joints, hardness changes, structures

1. Introduction

Based at test results concerning Hardox 400 and Hardox 500 steels collected
among others in [1], a proposal has been formulated of using those materials in the
surface mining machinery construction. The own test results [2—4] confirm good
weldability of the materials and very high strength properties of the joints obtained. As
a result of heat processes during welding, damage is being introduced into the as de-
livered structures in the heat-affected zones (tempered martensite). It introduces sig-
nificant change in such area hardness, as well as local drop in wear resistance. Similar
phenomena are being observed in structural components cut out of metal sheets using
welding methods.

Significance of such phenomena is high when intending to use Hardox steel plates
for brown coal excavator parts, which are exposed to wear in the dynamic load condi-
tions (chutes, hoppers, dumpers and scoop structure elements). The significance is
even higher, because they are usually being fixed to the main structure by welding.
Unfavourable structure and joint hardness appearing in low-carbon and low-alloyed
steels may be reversed by heat treatment of such joints (Figure 1). In case of tough-
ened steel, martensitic steel, as well as hyperquenched and aged aluminum alloys, the
issues look different from the usual practice.

In the works [7, 8] they have been presented in relation to toughened steels in the
following statements:
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¢ in the heat-affected zone a problem of soft layer appears, which determines the
strength of the whole structure,

e in the heat-affected zone of steel joints, hardened and tempered before welding,
changes appear which lead to creation of tempering zones of lowered hardness and
tensile strength.
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Fig. 1. Hardness distribution in welded joints of the L35GSM cast steel with 18G2A steel:
® — as delivered, O — after stress relief annealing, A — after normalizing, W — joint area,
HAZ — heat-affected zone [5, 6]

Authors of the works [7, 8] and [9—11] state, however, that due to the proper
chemical composition of materials and proper selection of welding conditions and pa-
rameters, it is possible to obtain structures of similar material properties to the base
one in the heat-affected zone, without additional efforts. In case of welding with lim-
ited line energy the “soft layer” is very narrow and the joint exhibits no clear reduction
of mechanical properties. This is interpreted as “reinforcing” activity of neighbour
structural areas, as a result of three-axial stress creation in that zone.

Table 1. Chemical composition of Hardox 400, Hardox 500, HTK 700H and HTK 900H steels

Material C [ si [ Mn | P | s [ & | N [ Mo ]| B
Maximum values [%]
Hardox 400 0.320 | 0.700 | 1.600 | 0.025 | 0.010 | 0.300 | 0.250 | 0.250 | 0.004
Hardox 500 0.300 | 0.700 | 1.600 | 0.025 | 0.010 | 1.000 | 0.250 | 0.250 | 0.004
HTK 700H 0.180 | 0.450 | 1.400 | 0.025 | 0.010 | 0.500 | 0.300 | 0.030 | 0.002
HTK 900H 0.180 | 0.450 | 1.500 | 0.025 | 0.010 | 1.000 | 0.300 | 0.040 | 0.003
AR 400 0.240 | 0.700 | 1.700 | 0.025 | 0.010 | 1.000 | 0.700 | 0.500 | 0.004

Table 2. Structural properties of investigated steels

Material Structure
Hardox 400 martensitic
Hardox 500 martensitic
HTK 700H martensitic — bainitic
HTK 900H martensitic

AR 400 martensitic
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Hardox Steels, as well as HTK steels (Table 1 and 2) are well weldable materials
with low, or depending on conditions, crack sensitivity (susceptibility) (Figure 2). In
the as delivered state they have the structure of tempered martensite. According to the
producer data for those materials the hardness changes are as presented in Figure 3. As
it comes out of the graph, hardness reduction in the heat-affected zone could go as
high as 65% in relation to materials in the as delivered state. The extension of such
area of hardness reduction is not being determined by the steel producer. However, the

problem itself is being recognized in the form of recommendation for the zones to be
padded for hardening.

Zone I
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dependents on conditions

0.

(]

Armox 500T-O

H500-P®  100.0
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Fig. 2. Crack sensitivity of welded joints in Hardox 400 and Hardox 500, as well as HTK 700H and HTK
900H steels, for sheets of 8 mm thickness as a function of carbon contents and carbon equivalent:
P — according to a producer data, W — according to own chemical analysis [3, 12]
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200
Fig. 3. Hardness change diagram in the welded joint of Hardox 400 steel [13]

However, the method does not solve the problem, as the hardening process of pad-
ding must cause new zones of unfavourable structural changes shifted toward edges of

padding weld. The following aims of the current studies emerge in the context of the
presented information:

eidentification of microscopic structure in welded joints of Hardox 400 and
Hardox 500 steels in the as delivered state and determination of structure and hardness
change extension caused by welding,

e introduction of such structural transformations in joints by heat treatment as to
eliminate the changes to the maximum degree.
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2. Study results
2.1. Welding conditions

Joints in Hardox steels have been performed using technology of submerged arc
welding (SAW), considering welding materials and parameters recommended by pro-
ducer. As welding material the Multimet IMT9 ¢ 3 mm (carbon contents 0.09 %) filler
wire and Lincoln Electric FX 780-25 flux have been used. The samples were made of
Hardox steel sheets of 500%x300 dimensions (8 mm thickness) joined with double-
sided weld with the following parameters providing for correct material penetration:

e minimum current for the first joint layer I, = 300 A,

e minimum current for the second joint layer I, = 500 A,

e clectric arc voltage for both joint layers U =30V,

e constant welding speed v = 0.35 m/min,

e maximum linear energy: 2.57 kJ/mm.

Table 3 presents real chemical compositions of the welded steels. Their comparison
with producer data indicates for lower contents of alloy additions. This justifies for

more favourable location of points determining crack sensitivity of welded steels
(Figure 2).

Table 3. Real chemical compositions of the welded Hardox steels and filler wire

Material C Si Mn P S Cr Ni Mo B
Hardox 400 0.120 | 1.050 0.34 0.006 | 0.001 | 0.240 | 0.040 | 0.017 | 0.002
Hardox 500 0.260 | 0.750 | 0.200 | 0.005 | 0.005 | 0.700 0.05 — 0.001
IMT9 Wire 0.090 0.140 1.000 — — — — — —

Table 4. Heat treatment pattern and parameters for Hardox 400 and Hardox 500 steels

Pos. Har dofzr(l)lgle mag(;?é;ox 500 Heat treatment pattern Heat treatment parameters
1 I-1 m-1 As delivered state -
2 1-4 n-4 Hardening 930°C/20min/cooling in H,O
3 I-6 m-6 Hard./H,O/Temp. Temp. 200°C/2h/air cooling
4 1-7 nm-7 Hard./H,O/Temp. Temp. 300°C/2h/air cooling

Table 4 presents methods and parameters of heat treatments applied to the joints
tested. They were performed in the as delivered state (pos. 1), hardened after welding
(pos. 2) or after hardening and tempering (pos. 2 and 3). Tempering temperature limi-
tation to 300 °C results from hardness and structure tests performed for the Har-
dox 400 and Hardox 500 steels within the tempering temperature range from 200 °C to
700 °C. Up to the tempering temperature of 300 °C the steels preserve average hard-
ness: 363 HV10 — Hardox 400 and 428 HV10 Hardox 500. From the tempering tem-
perature of 400 °C their hardness drops fast, which excludes them from use in the
wear conditions.
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2.2. Joint structure and hardness changes in the as delivered state

Figure 4 presents exemplary structure of Hardox 500 steel as delivered. Joint
welding has introduced apparent changes and diversification in structure (Figure 5).
Graphs of hardness measurement (Figure 6 and 7) prove the extension of lowered
hardness zones. In case of Hardox 400 steel the zone is 70 mm wide, and for Hardox
500 it goes up to as much as 90 mm.

Fig. 4. Microstructure of Hardox 500 steel “as delivered”. Tempered martensite
without clear grain orders of the previous austenite. MilFe etched, LM [2]

Fig. 5. Structure of welded joint of Hardox 500 steel in the fusion zone: W — weld material,
HAZ — heat-affecting zone. Arrows (1) indicate weak outline of the fusion area.
In the heat affecting zone a structure of post-martensitic orientation with areas of bainite (2)
and troostite (3) is clearly visible. Widmanstétten’s structures typical for significant over-cooling have
been observed locally. MilFe etched, LM [2]

Also, the content of carbon in the joint material is clearly higher than it could result
from Table 3. It demonstrates itself with high quantity of fine-dispersive pearlite in the
joint material (Figure 5, zone W). A lack of welding incompatibilities is also a result
of macro- and microscopic observations of the tested joints.
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Welded joint strength test results in the as delivered state have shown an average
joint strength of Hardox 400 steel equal to 615 MPa, and for Hardox 500 the strength
was 634 MPa. These are very high values and they constitute about 60% of the yield
point for Hardox 400 and about 50% for Hardox 500 steel.
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Fig. 6. Hardness changes in welded joint of Hardox 400 steel in the as delivered state:
Ah ~ 35 mm, weld hardness ~ 210 HV10

500

s
o
(=]

[T
[+ -]
(=D =]

Hardness [HV10]
[y (]
3 8

]
(=]
(=]

-
o
(=1

&
=]

-40 -20 0 20 40 60
Distance from center of welded joint [mm]

Fig. 7. Hardness changes in welded joint of Hardox 500 steel in the as delivered state:
Ah ~ 45 mm, weld hardness ~ 230 HV10

2.3. Structures and hardness changes in joints after heat treatment

Overview of hardness changes and joint structures after heat treatment is presented
in Figures 8—16. Macro- and microscopic studies have not shown that joint failures in
the form of cracks appeared as a result of the heat treatment. All joint zones (marked
in Figure 5) have transformed structurally by changing towards the native material
structure in the as delivered state. Data concerning extension of the lowered hardness
zones have been collected in Table 5. Minimum values of hardness measurements in
the as delivered state have been assumed as border of that zone.
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Fig. 9. Hardness changes in welded joint of Hardox 500 steel after hardening. Maximum hardness in the
HAZ =~ 503 HV10. Minimum hardness of the weld material = 430 HV10

Fig. 10. Structure of welded joint of Hardox 500 steel after hardening from the area marked with frame at
Figure 9. Martensitic structure of maximum hardness = 503 HV10. MilFe etched, LM
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Fig. 11. Hardness changes in welded joint of Hardox 400 steel after hardening and tempering at 200 °C
temperature. Maximum hardness in the HAZ ~ 416 HV10
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Fig. 12. Hardness changes in welded joint of Hardox 500 steel after hardening and tempering at 200 °C
temperature. Maximum hardness in the HAZ ~ 523 HV10
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Fig. 13. Hardness changes in welded joint of Hardox 400 steel after hardening and tempering at 300 °C
temperature. Maximum hardness in the HAZ ~ 393 HV10
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Fig. 14. Hardness changes in welded joint of Hardox 500 steel after hardening
and tempering at 300 °C temperature. Maximum hardness in the HAZ ~ 417 HV10

Fig. 15. Material microstructure in welded joint of Fig. 16. Microstructure of heat-affecting zone in

Hardox 400 steel after hardening and tempering at welded joint of Hardox 400 steel after hardening

300 °C temperature. Sorbitic type structure. MilFe and tempering at 300 °C temperature.
etched, LM Microstructure from area marked with frame

at Figure 13. MilFe etched, LM

3. Summary

Measurement results in hardness change have been collected in Table 5. The fol-
lowing observations result from the data:

a) Width of the lower hardness zone in HAZ in relation to that zone width in the as
delivered state has been significantly limited as the result of all patterns of heat proc-
essing. Besides the case of hardening and tempering of the Hardox 500 steel at the
300 °C temperature, the areas of lowered hardness have been narrowed by 3 to 6 times.

b) As aresult of heat treatment the hardness of weld material has increased signifi-
cantly. In extreme cases they changed by 70% for Hardox 400, and by 90% for
Hardox 500 steel. This indicates that also those areas should present higher wear
resistance in relation to the as delivered state.
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c) In case of welding the Hardox 500 steel hardened and tempered at 300 °C
temperature the width of lower hardness zone is similar to that as delivered. Essential
difference, however, constitutes a flattening of hardness change between native mate-
rial and HAZ and weld material hardness. After heat treatment the AHV10 = 290. That
indicates also for probable increase in wear resistance in the welded joint structure
change zone.

Table 5. Comparison of hardness measurement results

Pos. Welded joint state Material [nA111111] Il_il\\]/ 1“(/) I-II{\G\%X II;I\\; f 6

1 As delivered Hardox 400 35 210 375 250
Hardox 500 45 230 440 280

) Hardened Hardox 400 10 340 410 395
Hardox 500 8 430 503 503

3 Hardened and tempered at Hardox 400 8 330 416 410
200 °C Hardox 500 10 440 523 523

4 Hardened and tempered at Hardox 400 12 363 393 393
300 °C Hardox 500 60 385 1500 417

Ah — width of lowered hardness zone, HVy, — weld material hardness,
HVyax— maximum hardness in HAZ, HVg; — maximum hardness in fusion zone

Microscopic tests have confirmed changes in structure of particular zones of
welded joints in relation to their structures at the as delivered state. The material
shows structural transformations consisting in:

a) Change in weld material structure from quasieutectoid with ferrite halo at grain
borders (Figure 5, area W) into a structure of low-carbon tempered martensite (Fig-
ure 15).

b) Obtaining the structure of tempered martensite in the whole heat-affected zone
(Figure 16). The structure is very similar to that of Hardox 500 steel in the as deliv-
ered state (Figure 4). Moreover, as a result of heat treatment the structure variation in
the fusion zone has been eliminated.

In the welded Hardox 400 steel the structural changes in various conditions of heat
treatment show departures from joint structures of Hardox 500 steel. They consist in:

a) Sorbitic, and not martensitic structure of weld material.

b) Narrow zone of fine ferrite grains (from the Hardox 400 steel side) in the fusion
zone.

c) Martensite structure with more advanced tempering process at the heat-affected
zone than in case of Hardox 500 steel (Figure 16).

From the data contained in Table 3, it results that difference in carbon density
between Hardox 400 steel and filler wire amounts to 0.03%, and between Hardox 500
steel and the wire to 0.17%. During welding, the carbon diffusion fluxes from Hardox
steel to the created weld are being initiated. That way, the weld material is being
enriched in that hardness improving element. In case of welding sheets of Hardox 500
steel this leads to martensitic type structures also in the weld material. Lowering the
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carbon contents in the fusion zone (from the Hardox 500 steel side) is not, however,
that intensive as not to allow reproduction during the heat treatment of the structure
similar to the native material as delivered.In Hardox 400 steel the saturation of weld
material with carbon could be lower as a result of its smaller contents in that steel.
Thus, hardenability of the weld material is insufficient for obtaining the martensitic
structure. A thesis could also be formulated concerning presence of a narrow strip of
equilibrium ferrite (from the Hardox 400 side) in the fusion zone. From that zone,
plenty of carbon passed to the weld material and, as a result, its hardenability was
lowered. The effect of that phenomenon is lack of low-carbon martensite in that zone.
The above assumptions could be confirmed by the results of spectral analysis of
chemical composition of the weld materials. They have shown:

e average carbon contents higher by several hundredths of percent from 0.09,

e higher carbon contents in joint connecting sheets of Hardox 500 steel than that of
Hardox 400.

The laboratory results indicate that in case of steel with martensitic structure a cor-
rection of joint hardness and structure is possible by means of hardening and temper-
ing. This concerns the Hardox 400, Hardox 500 steels and, undoubtedly, the HTK
900H steel. That last one in the as delivered state has structure and hardness similar to
Hardox 400. Proposals of applying such heat treatment to welded joint have to arouse
some controversies and causes some technological problems. Usually (see Figure 1),
the relief or normalizing annealing processes are being applied to welded joints. It has
been proposed that during applying the last layer of weld a water jet followed an elec-
trode causing hardening of the heat-affected zone (similar solution to the surface hard-
ening). The cooling process would terminate at such point as to allow for self-tem-
pering by heat cumulated in the material. Trials of welding and heat treatment of ex-
cavator scoop knives will be conducted in the second half of 2008. The proposal veri-
fication would follow during the operating experiment. Before such tests, metal-
lographic studies of welded joints made at structure components of shapes and sizes
corresponding to the scoop knives will be conducted.

Hardox steels, and their Polish equivalents - HTK steels, may find far wider appli-
cation then before in the construction of basic machines for brown coal mining. It
simply comes out from their very high mechanical properties and uniform structure at
the sheet thickness (even exceeding 100 mm). The second of the features is very spe-
cial one because, as opposed to the non-homogeneous padded layers, it allows for pre-
cise prediction of durability (the higher one from padding weld) of various type lining
plates. As shown in the paper [1], using the Hardox steel in real conditions consists in
uniform wear, without cracks and local thickness change. That is why they could be
used until complete wear. The only areas of intensive wear of such steel lining are
joints (stack welding) with the main structure. Should the failure be eliminated in
scoop lining and knives, a new, economically justified application area of those mate-
rials emerge [1].
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Justification and inspiration for works at improving the structure and properties of
welded joints in Hardox and HTK steels may also be found among the modern materi-
als for power industry. Martensitic steels, type 9-12% Cr (containing boron), are also
in consideration. Since developing the first of them (TAF steel from Japan, middle of
seventies in the 20" century), attempts of applying it to superheater pipes were re-
strained by its low elastic properties and inadequate weldability. It happened so even
despite its excellent resistance to creep. It required subsequent years to develop P91
and P92 steels and apply them to steam superheater header (e.g. at the Opole Power
Plant BOT). As an effect, the weight of piping dropped by some 30% and significant
investments and start-up savings were achieved [14]. It is not unlikely that similar way
the technology of welded joint heat processing for Hardox and HTK steels should pass
for the anticipated applications.
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Zagadnienia zmian struktur i twardoS$ci polaczen spawanych stali Hardox i HTK

W artykule przedstawiono budowg strukturalna i zmiany twardosci polaczen spawanych
stali Hardox 400 i Hardox 500. Wykazano, ze w wyniku spawania tych materialéw w stanie
dostarczenia (o strukturze martenzytu odpuszczonego) w strefach wplywu ciepla powstaja
struktury obnizajace odporno$¢ na zuzywanie $Scierne. Maja one szerokos¢ do 90 mm, co w prze-
widywanych zastosowaniach powoduje ich nieréwnomierne i szybkie zuzywanie. Na pod-
stawie badan mikroskopowych i pomiaréow twardosci, zaproponowano obrobke cieplna pota-
czen polegajacg na hartowaniu i niskim odpuszczaniu (samoodpuszczaniu) stref wplywu cie-
pta. Prowadzi to do odtworzenia struktur tego obszaru zblizonych do struktury materiatu ro-
dzimego. Rdzniaca si¢ od zazwyczaj stosowanych (wyzarzanie odprezajace lub normalizujace)
obrobka cieplna nie wywotata w warunkach laboratoryjnych powstawania w polaczeniach nie-
zgodnosci spawalniczych (pgknigc).
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Thermo-mechanical processing of high-manganese
austenitic TWIP-type steels

A. GRAJCAR, W. BOREK
Silesian University of Technology, Konarskiego 18a, 44-100 Gliwice, Poland

The high-manganese austenitic steels are an answer for new demands of automotive industry con-
cerning the safety of passengers by the use of materials absorbing high values of energy during collisions.
The chemical compositions of two high-manganese austenitic steels containing various Al and Si con-
centrations were developed. Additionally, the steels were microalloyed by Nb and Ti in order to control
the grain growth under hot-working conditions. The influence of hot-working conditions on recrystalliza-
tion behaviour was investigated. On the basis of initial investigations realized by hot upsetting the
thermo-mechanical conditions resulting in a fine-grained structure were designed. The o-& curves and
identification of thermally activated processes controlling work-hardening by the use of the Gleeble
simulator were determined. It was found that the thermo-mechanical treatment conditions influence
a phase composition of the investigated steels after solution heat treatment.

Keywords: hot-working, thermo-mechanical processing, TWIP steel, dynamic recrystallization, & martensite

1. Introduction

Higher and higher demands of automotive industry referring to fuel consumption and
emission of harmful exhaust gas limiting and especially improvement of car users’
safety can be met by steels with austenitic microstructure. In the last few years an in-
creased interest in high-manganese austenitic steels has been observed. High-manganese
austenitic steels consist of 15 to 30% of manganese, from 0.02 to 0.1% of carbon and
around 3% of aluminium and 3% of silicon. These steels achieve profitable group of
mechanical properties, i.e. UTS = 600900 MPa, YS;, = 250-450 MPa, UEI = 35-80%
which strongly depends on chemical composition, especially concentration of Mn [1-3].

Within a framework of numerous works the behaviour of high-manganese steels in
cold plastic deformation conditions is investigated [2—4]. It was found that processes
forming structure and mechanical properties of high-manganese steels depend on the
stacking fault energy of austenite, depended on a chemical composition of the alloy and
deformation temperature [1, 5]. Therefore, plastic deformation is realized in a wide
range of temperature from —200 °C to 400 °C [3-6]. According to many works it was
found that mechanical twinning is deciding mechanism about final properties of alloys
with SFE>60 mJm °. Decreasing the SFE from 60 to 20 mJm > has prevalent signifi-
cance on the course of mechanical twinning connected with TWIP effect (TWinning In-
duced Plasticity). With further decreasing the SFE below about 20 mJm * essential
meaning for improving the ductility of the steel has TRIP effect (TRansformation In-
duced Plasticity).
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Developing the technology of production of high-manganese austenitic steels re-
quires knowledge about their behaviour during hot-working. There is a shortage of
sufficient information in science publications. In the work [7], the influence of initial
grain size and deformation parameters on plasticity characteristics obtained in hot tor-
sion tests for 18Cr-8Ni and 18Cr-17Mn-0.5C steels was investigated. It was found that
Cr-Mn steel characterizes with much higher intensity of strain hardening than Cr-Ni
steel, which makes more difficulties during plastic deformation. Higher intensity of
strengthening of the steel with addition of manganese causes occurrence of maximal
flow stress for smaller &, value. It gives opportunity for the refinement of structure
by dynamic recrystallization. This phenomenon was investigated by Hamada et. al. [4]
in 25Mn and 25Mn3Al steels in a temperature range from 900 to 1100 °C. It was
found that maximal flow stress at a temperature of 1100 °C for 25Mn steel occurs for
Emax = 0.17.

Application of thermo-mechanical treatment consisting in immediate cooling of
products from a finishing temperature of hot-working in controlled conditions should
increase mechanical properties [8]. Thermo-mechanical treatment of Hadfield’s steel
was investigated by Krol [9] where was found that dynamic recrystallization can occur
after deformation with 30% reduction at a temperature of 800 °C. Introduction of Nb
and Ti microadditions to steels could be the reason for additional strain hardening of
high-manganese steels and allows forming a fine-grained microstructure in successive
hot-working stages. This problem is a main subject of the work.

2. Experimental procedure

Investigations were carried out on two high-manganese austenitic Mn-Si-Al steels
containing Nb and Ti microadditions (Table 1). Melts were realized in the Balzers
VSG-50 inductive vacuum furnace. Ingots with a mass of 25 kg were submitted open
die forging on flats with a width of 220 mm and a thickness of 20 mm. Then, cylindri-
cal samples & 10x12 mm were made. Preliminary tests consisted in hot upsetting in
a temperature of 900 and 1000 °C with 20, 40 and 60% reduction. Upsetting was car-
ried out using the PMS 50 eccentric press with a strain rate of about 30 s

Table 1. Chemical composition of the investigated steels, mass fraction
Designation C Mn Si Al P S Nb Ti N
27Mn-48i-2A1-Nb-Ti | 0.040 | 27.5 4.18 1.96 | 0.002 | 0.017 | 0.033 | 0.009 |0.0028
26Mn-3Si-3A1-Nb-Ti | 0.065 | 26.0 3.08 2.87 | 0.004 | 0.013 | 0.034 | 0.009 |0.0028

On the basis of preliminary tests worked out the time-temperature conditions of
hot-working which should cause a formation of fine-grained recrystallized austenite
before cooling of samples from a temperature of final deformation. A selected se-
quence of deformations and time between particular deformations correspond to de-
signed hot-rolling of steel (Table 2). Thermo-mechanical treatment was realized using
the Gleeble 3800 thermo-mechanical simulator.
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Metallographic examinations of samples were carried out using the LEICA MEF4A
light microscope. In order to reveal austenite grain boundaries, the samples etched in
a mixture of nitrous and hydrochloric acid in various proportions. Identification of the
phase composition of steels in the initial state and after thermo-mechanical treatment
achieved using the X’Pert PRO diffractometer with X’Celerator detector. The lamp
with Co anode was applied.

Table 2. Parameters of the thermo-mechanical treatment realized in the Gleeble simulator

I, Deformation I C(l)(_)lll?g IDeformation II| Cﬁ)(_)lllillg Deforlrlrllatlon ?ﬁo_h;i/g Defo;g/lanon tis;t:er C(chl)rll;lg
Nolvoc [ lo g mlalnlelo| nlel|n]ee|n]s|n|e]apsoc
°C g1 |°Cls| s | °C s1|°Cls| s | °C s1[°Cls| s | °C g'] s Water
1-5] 1100 |1100/0.29] 7 | 4 [12.5]1050/0.29] 8 | 8 [12.5]950]0.29] 9 | 10 | 10 [850]0.29] 10 | 0-64
6 | 1100 |1100[0.29| 7 | 4 |12.5|1050[0.29| 8 | 8 |12.5/950(0.29] 9 | 10 |10 | - - -

T, — austenitizing temperature, 71—74 — deformation temperatures, ¢, — ¢4 — true strains, V,—V, — cooling
rates between deformations, #,—#; — times between deformations, #;soper — time of the isothermal holding of
specimens at a temperature of 850°C

3. Results

Melted steels possess diversified initial structures presented in Figures 1 and 2. The
27Mn-48Si-2Al-Nb-Ti steel is characterized with the austenitic structure with a content
of about 12% of & martensite, whereas 26Mn-3Si-3Al-Nb-Ti steel possesses a pure
austenitic structure. Both steels have comparable grain size in a range from 100 to 150
pm. Numerous annealing twins and non-metallic inclusions can be observed.

Application of plastic strain at a temperature of 1000 °C allowed identifying a mecha-
nism controlling the work-hardening of steel. The structures of the 27Mn-4Si-2Al-Nb-
Ti steel solution heat-treated from a temperature of 900 °C after deformation with 20,
40 and 60% reduction are shown in Figures 3—5. Effect of the dynamic recrystalliza-
tion is visible by refinement of structures after applying 40 and 60% reduction. Defor-
mation of the steel at 1000 °C with a reduction of 20% does not lead to initiate dy-
namic recrystallization. Whereas, applying deformation with a reduction of 40%,
causes dynamic recrystallization (Figure 6).

Work-hardening curves of steels are presented in Figure 7. It can be useful to esti-
mate force-energetic parameters of hot rolling. It was established that finish rolling
will be realized in four passes at a temperature range from 1100 to 850 °C. It is appar-
ent from Figure 7, that for applied parameters of plastic deformation, dynamic recrys-
tallization is a process controlling work-hardening in a whole temperature range of
hot-working. The steel containing 3% Si and 3% Al possesses a little higher value of
flow stress. Strain value &p,x corresponding to maximum flow stress for particular
stages amounts from 0.19 to 0.27. Additionally, maximum stress moves towards
higher stress value for the 26Mn-3Si-3Al steel.
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Fig. 1. Initial structure of 27Mn-4Si-2Al steel Fig. 2. Initial structure of austenitic
containing ¢ martensite in austenitic matrix 26Mn-38Si-3Al steel

Fig. 3. Structure of 27Mn-4Si-2Al steel solution Fig. 4. Refined structure of 27Mn-4Si-2Al steel
heat-treated from a temperature of 900 °C after de- solution heat-treated from a temperature of 900 °C
formation with reduction 20% after deformation with reduction 40%

Fig. 5. Refined structure of 27Mn-4Si-2Al steel Fig. 6. Refined structure of 27Mn-4Si-2Al steel
solution-heat treated from a temperature of 900 °C  solution heat-treated from a temperature of 1000 °C
after deformation with reduction 60% after deformation with reduction 40%
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Fig. 7. Changes of flow stress as a function of strain in successive deformation stages

Fig. 8. Structure development of 27Mn-4Si-2A1-Nb-Ti steel in successive stages of the plastic deforma-

tion; a) solution heat treatment from a temperature of 850 °C before final deformation,
b) solution heat treatment directly after final deformation, c) solution heat treatment after isothermal
holding steel for 16s at a temperature of 850 °C
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Development of the structure for the 27Mn-4Si-2A1-Nb-Ti steel after thermo-me-
chanical treatment is presented in Figure 8a—c. Before the final deformation simulated
input into a last roll pass, the steel is characterized by the uniform structure of metady-
namic recrystallized grains with a size of 10 to 20 um (Figure 8a). Solution heat treat-
ment of steel directly after the last deformation causes a significant refinement of
structure due to dynamic recrystallization. The steel has austenitic structure with dy-
namic recovered grains with a size from 15 to 25 pm and fine dynamic recrystallized
grains (Figure 8b). Application of isothermal holding for 16 s at 850 °C causes the
further refinement of dynamic recovered grains, keeping dynamic recrystallized grains
on a level up to about 7 um (Figure 8c).

The structure of 26Mn-3Si-3Al-Nb-Ti steel is very comparable before a final
deformation (Figure 9a), and also obtains the maximal refinement after isothermal
holding for 16 s at 850 °C (Figure 9b). Further isothermal holding of steel up to 64 s
causes a grain growth in a result of metadynamic and static recrystallization (Figure

Fig. 9. Structure development of 26Mn-3Si-3Al-Nb-Ti steel in successive stages of the plastic deforma-
tion; a) solution heat treatment from a temperature of 850 °C before final deformation,
b) solution heat treatment after isothermal holding steel for 16 s at a temperature of 850 °C,
¢) solution heat treatment after isothermal holding steel for 64 s at a temperature of 850 °C
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It is important that in the steel with the y+¢&initial structure any martensite was not
observed. The confirmation of this fact is the X-ray diffraction pattern shown in
Figure 10.
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Fig. 10. X-ray diffraction patterns for 27Mn-4Si-2Al steel in the initial state and after thermo-mechanical
treatment with isothermal holding of specimens for 0 and 16s at a temperature of 850 °C

4. Discussion

Investigated steels obtained diversified initial structures (Figures 1, 2). The pres-
ence of ¢ martensite in the structure of steel containing 4% Si is a result of the element
influence on decreasing the stacking fault energy (SFE) of austenite [1-3]. Decreasing
the contents of silicon up to 3% with simultaneous increasing concentration of alu-
minium from 2 to 3% caused increasing the SFE, what stabilized the austenite. Differ-
ences in chemical composition do not have the significant influence on the behaviour
of steels in conditions of hot-working. Dynamic recovery is a process controlling
strain hardening in both steels during plastic strain with a reduction of 20% at a tem-
perature of 900 °C (Figure 3). Dynamic recrystallization is a main mechanism remov-
ing work-hardening of the steel after increasing reduction up to 40% (Figure 4). In re-
ality, should be supposed that it will be initiated at a lower true strain in a range be-
tween 0.2—0.4. Further increasing of the reduction up to 60% caused obtaining a very
refined and uniform austenitic structure (Figure 5). Increasing the plastic strain tem-
perature up to 1000 °C does not change essentially deformation values initiating the
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dynamic recrystallization (Figure 6). Refinement of the steel structure due to dynamic
recrystallization with relatively low values of deformation, gives a reason to design
a rolling process controlled by the dynamic recrystallization.

Multi-pass deformation tests allow to found out that investigated steels make diffi-
culties during deformation. The flow stress values in the initial deformation stages are
slightly higher than in the IF, DP and TRIP steels [8, 10], and also higher than
austenitic Cr-Ni and Cr-Mn steels [7]. It is a result of hardening due to high con-
centration of Mn, Si, Al and Nb and Ti microadditions in steels. Applied deformation
conditions cause that work-hardening in a whole range of deformation temperature is
controlled by dynamic recrystallization (Figure 7), and softening of the structure dur-
ing the time between passes proceeds by metadynamic recrystallization (Figures 8a,
9a). In result was achieved relatively not high increase of flow stress in the final sta-
dium of deformation, even for the lowest temperature of plastic strain (850 °C). The
data show that investigated steels in spite of higher initial deformation resistance could
be produced using conventional technological lines.

The stress-strain curve (Figure 7) indicates, that applying a smaller reduction in
a final pass than applied true strain 0.29, should probably cause also dynamic recrys-
tallization and refining of the steel structure. Further hypothetical decreasing of true
strain below about 0.25 and maintaining refinement of austenitic structure before so-
lution heat treatment, will require application of isothermal holding at a temperature of
850 °C for time about 16s, which is needed to obtain some fraction of recrystallized
austenite in a metadynamic process (Figures 8c, 9b). It is interested that applied
thermo-mechanical treatment caused obtaining the austenitic structure for the steel
with the initial two-phase structure y+& (Figure 10). It is probably connected with
a significant structure refinement in comparison with an initial state and with ham-
pering influence of grain boundaries on a growth of & martensite plates during cooling
process of the steel. Similar effects were found in the work [11] for Fe-21Mn steel and
in the work [4] for Fe-25Mn steel.

5. Conclusions

The carried out multi-stages compression tests allowed to determine the behaviour
of developed high-manganese Mn-Si-Al steels with Nb and Ti microadditions during
hot-working, simulating final passes in the thermo-mechanical rolling. Applied pa-
rameters of plastic deformation allow to found out, that the process controlling the
work-hardening in a whole temperature range of hot-working is dynamic recrystalli-
zation. Metadynamic recrystallization is a process decreasing the work-hardening in
the time between successive deformation stages. These processes allow to carry out
the hot-working with flow stresses slightly higher comparing to DP and TRIP steels
and lead to obtain the fine-grained steel structure with a grain size up to about 10 um.
The fine-grained structure has influence on a phase composition of steel and should
increase mechanical properties during subsequent cold plastic deformations.
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Obrobka cieplno — mechaniczna wysokomanganowych stali austenitycznych typu TWIP

Wysokomanganowe stale austenityczne stanowia odpowiedz dla nowych zadan przemystu
motoryzacyjnego dotyczacych bezpieczenstwa pasazerow przez zastosowanie materiatow ab-
sorbujacych duza ilo$¢ energii w warunkach kolizji. Opracowano sktady chemiczne dwoch
wysokomanganowych stali austenitycznych zawierajacych rézne stezenie Al i Si. Dodatkowo,
w celu kontroli rozrostu ziaren w warunkach obrobki plastycznej na goraco stale zawieraja mi-
krododatki Nb i Ti. Zbadano wptyw warunkow obrobki plastycznej na goraco na przebieg re-
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krystalizacji. Na podstawie badan wstgpnych zrealizowanych przez spgczanie na goraco za-
projektowano warunki obrobki cieplno — mechanicznej prowadzace do uzyskania drobnoziar-
nistej struktury. Przy zastosowaniu symulatora Gleeble wyznaczono krzywe o—¢ oraz aktywo-
wane cieplnie procesy kontrolujace umocnienie odksztatceniowe. Stwierdzono, ze warunki ob-
robki cieplno — mechanicznej maja wptyw na sktad fazowy badanych stali po przesycaniu.



Numerical modeling of flow through moving water-corrol gates by
vortex method. Part Il — calculation result

S. W. Kostecki

&Wroctaw University of Technology, Wybrze Wyspigskiego 25, 50-370 Wroctaw

Numerical results are presented for uniform appgrdémv past emergency gate model, placed in a 2-D
channel with free water surface, for two cases:figed gate and (2) gate moving perpendicular ® th
water flow. The calculations were made in the disiemess system, for the assumed Reynolds number
Re=16. The velocity field and vorticity field were detgined by vortex method. On this basis the
pressure distribution profile and hydrodynamic éreere determined by means of boundary elements
method.The vortex structures and the evolution of vorterdsling are illustrated by velocity field of
vortex blobs for both cases— fixed and movable.gate also presented the distribution of the pressur
coefficient alongside the gate edge as well agldnavative lift and drag coefficients. The averdgee
coefficients agree very well with the experimentalues. The movement of downward of the gate
substantially increases the calculated value ofitheoefficient.

Keywords: hydraulic gates, turbulence flow, hydrodynamic force, vortex method, moving boundary

1. Introduction

This paper presents the results of numerical mogebf the flow around a
hydraulic gate. This problem is of practical siggdaghce when determining the
hydrodynamic force acting on an emergency gate irsetein a stream of fast-
flowing water. The movement of lowering the gateaistream of fast-flowing water
makes the distribution of velocity vectors unded dmehind the gate affects the
pressure of the gate surface. In result, the hyadraxhic force is changed and also
some instability of the flow might appear. The talslity might, subsequently, cause
gate vibrations. This phenomenon was investigatadand described by Naudascher
[8], Thang [11] and Billeter [2,3], focusing more the gate vibrations. Aydin [1]
researched experimentally the time-averaged pressuthe surface of a flat lift gate
in conduit in which the space was submerged andsprzed when opening and
closing it.

As mentioned before, the emergency gate used onsgéiways and weirs has
been used as the calculation example. This gat&swarcasionally, taking over the
role of the main gate in an emergency. Unlike airegate, an emergency gate is
installed in flowing water, which causes a chanfjthe load system. This needs to be
taken into account when dimensioning. For spillwaysemergency gate is composed



of a few elements shaped like a flat gate or béamutlet conduit, an emergency gate
is usually the same as the regulating one (Fig.Ah).emergency gate is placed
upstream it moves on wheel in pile slots.

Numerical modeling of the flow velocity and pressutistribution on movable
hydraulic gates is very complex, which stems frorstrang flow turbulence and a
complicated procedure of taking into account therngary conditions. In moving
boundary the condition of concordance of edge aljdcant fluid velocity must be
fulfilled. Moreover, if gate movement or a big anyde vibration is to take place, the
conservation of mass must be met in the circumstaot change of the calculation
area topology.

In order to solve this problem for a flat flow, thathor applied the discrete vortex
method, which describes the convective and diffusiransport of vorticity and
corresponds to solution of viscous liquid flow d#sed by Navier-Stokes equations.
The solution with this method consists of descdbthe movement of the particles
transporting vorticity, the so-called vortex bldbsthe Lagrange system. The time is
discretized using a finite difference proceduree Tbrtex method description, special
emphasis laid on a moving edge problem, was preddnyt the author, in his paper [7]
which constitutes the first part hereof.

The present paper is aimed at numerical modelintpefdistribution of velocity,
vorticity, the stream function and hydrodynamic cforfor a moving (lowered)
emergency beam-shaped gate and a comparison oégbks with those for a fixed
gate. The diagram of the free water surface gatderurconsideration and the
coordinate system has been presented in Figure 2.

max controll. water 1
4 == / e
slotfs of > /_/
Rl i guard gate f -

flow

outlet conduii

emergency| | regulating

a) bottom b) gate gate

Figure 1. Examples of emergency gates: a) freasarfbeam, b) high head — vertical lift
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Figure 2. Model of a channel with a gate
2. Pressure and hydrodynamic forces determination

The problem of pressure in a viscous liquid flowaireaD, limited with edgeS
should be determined from the Navier-Stokes eqnafd. The effective way of
solving this problem is applying the divergence rafien to the Navier-Stokes
equation, which transforms it into the Poisson #igador pressure [5], [10]:

D2P=—D[ég—l:+um]u—vﬂzuj=—D[B in D (1)

whereu :[ul,uz] velocity vector,P = p/p — kinematic pressurep — liquid density,

vV — kinematic viscosity coefficient.
To solve this equation, it is necessary to knowtaeB, which depends on the
velocity field, and a boundary condition. By defigithe Neumann-type condition

oP _

—=-Bn on S
an (2

we can solve expression (1)-(2) by the boundarynef#s method, using the
following relation, derived in paper [6]:
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where: § — source pointM — number of finite elements of aréawhich domainD
was divided intoNy — number of points (nodes) of numerical integratior each
element, w,— weights of numerical quadratures(&)— coefficient depends on

smoothness of the boundary, for regular boundz(r‘é/) :]/2. Vorticity field ® and
velocity u were determined by vortex method, according tontieéhodology specified
in the first part of the paper [7].

The hydrodynamic force can be defined in the fofrthe sum of the normal and
tangent components:

F=F, +F (4)

The first component depends on pressure, the seaondscous friction on the
surface flown around:

F,= [ pndS, F=-[unmds (5)
S(t) S

where: n:[nl,nz] — unit external vector, normal to the edge flowouad, ¢ —
dynamic viscosity coefficiendI — rate of deformation tensor. In flows that sholig
Reynolds number, the force evoked by viscous nicts small compared to the force
that results from pressure and it is neglectedihere

The components of the hydrodynamic force:

F =-[pnds (6)
S
in aerodynamics they are called vertical lift amditontal drag forces.

3. Physical state and calculation parameters

For calculations we assumed a flat steady flow wiftee horizontal surface. In the
stream there is an emergency gate, which can mditbeanfixed speed towards the
bottom of the channel.

The calculations were performed in a dimensionsgssem, assuming all distances
to be normalized along the gate side of a squarssesectiod =1. The unit velocity
at the inlet is assumeudl, =[1,0]. Time is also normalized with/ u,. The sizes of the
channel are as follows: length 10, depth 4, the gaplaced 3 from the inlet. Two
cases are considered:



Case (1) — fixed gate, placed subsequently Y=26,0.6, 0 over the channel bottom.
The calculations consisted on positioning the eedj determining fields of vorticity,
velocity and pressure.

Case (2) — gate fixed in the upper position Y=2/8ilme t=23 (time stefkt=460),
and then the gate closing movement begins, withcigl v =[v,, v,] :[0,0.]] . In each
calculation step, in the algorithm the change efdhte position and the occurrence of
velocity componentv, on its edge was taken into account, according h® t
description of the moving boundary condition com¢al in [7]. The calculation
method described takes into account the separatitre flow under and over the gate
as well as the effect of velocity, on the shape of vortex trajectories and vortex

generation. The calculation schema for the twosaspresented in Figure 3.
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Figure 3. Calculation schema for gates: a) fixednbyable

The vortex-method calculations were made for théloiang calculation
parameters:

- Division of the edge into sections to determine ititensity of the vorticity
layer:h=0.05;

- cut radiuse =h°*=0.05¢;

— time stepdt=0.05; such an assumption makes sure that theademlent of a
vortex drop in a single time step is comparable-t@lue;

— number of time steps for each simulatitn1000.

3. Numerical result

The numerical analysis of the flow was performed &b fixed gate in three
positions Y=2.6, 1.6, 0.6 and a gate moving downlwai he calculation parameters
have been chosen in such a way that in that sangertioment both gates are in the
same positions, which allows for result comparison.

Modeling results of vorticity field evolution by wex method are presented in
Figure 4 in the form of vortex blobs — vorticityrdars.
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Re= 10° kt = 700 dt = 0.050 N= 7346 Re= 10° kt = 700 dt =0.050 N= 7131

3 4 5 6 7 8 9 1 3 4 5 6 7 8 9 1
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Figure 4. Comparison of vortex blobs dynamics fdixad and movable gate, for the same positions and
time instants Y=2.1, t=25; Y=1.1, t=35; Y=0.5, t345=0, t=50. Movable gate on the right.

Behind the fixed gate there emerges a regular Kdamartex path, forming out of
big coherent vortex structures, detaching altetpd®m the upper and from the
lower edges of the gate. The downward closing manmakes the vortex blob
velocity vectors deflect upwards. Then the vortidesnot separate from the lower
edge of the gate, but tend to be eliminated sihedr tirajectories cross with the
moving edge, which is observable in Figure 4.



Differences in vortex blob trajectories cause dédfees in the flow velocity
vectors. In Figure 5, a comparison of the calcdlatelocity field around fixed and
movable gates is presented for position Y=1.6.
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Figure 6 shows a comparison of distribution of pinessure coefficienC,, on the
gate model flown around, for fixed and movable galde pressure coefficient results
from the dimensionless variable assumed in theutalons and is expressed by the
formula:

__2p
Cp - 2 (7)

plug

The essential difference can be observed on therledge flown around. In the
fixed gate, strong negative values@foccur, which stems from the separation of the
boundary layer from this edge and generating ofexostructures. When the gate is

moving downwards, the phenomenon of vortex andaeletion zone formation fails
to occur, what affects a bigger value of this coedht.
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times and gate positions: a) Y=2.1, t=25; b) Y=1=B5; ¢) Y=0.5, t=45; d) Y=0, t=50

On the basis of relations (6) and (7) the lift ®€ and dragCp coefficients were
determined, which makes normalized values of hyghiathic force components. For
a fixed gate, the lift force is periodically variatand shows a steady amplitude, which
is observable in Figure 7. This results from thguter detachments of the Karman
vortices intermittently from the upper and loweges. The average value of this force
coefficientC =0.25. It is different from zero as the boundarnditons for the flow
are different. On the upper surface the vortex-gpimey phenomenon does not occur
whereas along the canal bottom the vortices arergéd, which is the cause of the



differences of vorticity and velocity distributialong the lower and upper edges of
the gate. The drag coefficient’s value is positwel stems from a low over-pressure
on the front edge of the gate flown around and resicerable under-pressure on the
rear edge, which is evoked by the vortex structaegsed by the flow. The averaged
value of the drag force coefficie@,=2.18 scarcely differs from the experimental
studies by Delaney and Sorenson [], who — for R&=16btained the valu€,=2.0
and the studies by Obasaju, who obtainedche value of 2.17.
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Figure 7. Lift and drag coefficient for a fixed gat

During the analysis of the time distribution of thgdrodynamic force for a
movable gate it was observed that the downward mewe of gate is the cause of a
lower value of the average@. and Cp, as the gate is lowering. This proves an
increasing effect of vorticity generated along lineer edge of the canal. Because the
pressure from the top is much lower than that fii@ bottom of the gate, the
resultant normalized hydrodynamic force is directgnivards. It is periodical and
shows a high variability of the amplitude, whicindze observed in Figure 8.
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Figure 8. Lift and drag coefficient for a movabkge



5. Conclusions

Emergency gates are installed in flowing water dod, this reason, they are
subject to different hydrodynamic loads. In orderanalyze them, a method was
worked out consisting of determining vorticity avnelocity distribution in a flow area
and, in this basis, determining the pressure bigion on the gate edges. The results
of the calculations of a square cross-section b&laaped gate moving at a speed of
0.1 of the water flow velocity imply a significagtowth of the average value of the
lift force in comparison with a fixed gate. Forigeid gate, it was directed downwards
and its average dimensionless val@g=0.25. When the gate was being lowered,

this force was directed upwards and its value deddpom 1.2 to 0.8. The drop of the
lift force was due to the vorticity effect, the tioes being generated along the channel
bottom. The maximum value of the lift coefficieit = 0.9 for a fixed gate an@, =

1.5 for a gate being lowered, accordingly. Thes&es are smaller from the
coefficient recommended for designing, whichGs= 2.

The conformity of the drag coefficient vali&=2.18 obtained for a fixed gate
with the results of experimental shows that theppsed method is a good
representation of the changes of the vortex pathcan be used in the simulation of
separation—reattachment dominated flows past blodies.
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Numeryczne modelowanie przeptywu przez ruchome zanmkecia wodne metoc
wirow. Czesé Il — wyniki obliczen numerycznych

Zaprezentowano wyniki oblicaenumerycznych przeptywu rGwnomiernego przez
model zamknjcia awaryjnego, umieszczonego w 2-wymiarowym kanake
swobodmn powierzchmi wody, dla dwéch przypadkow: (1) zamkeia nieruchomego
i (2) przemieszczagego st w kierunku prostopadtym do kierunkugpkosci wody.
Obliczenia wykonano w uktadzie bezwymiarowym dlayptej liczby Reynoldsa
Re=10. Pole pedkasci i wirowosci okreslane byto przez rozwranie metody wiréw,
na ich podstawie wyznaczany byt rozktaéneenia i sita hydrodynamiczna za pomoc
metody elementow brzegowych. Struktury wirowe | Bwja sciezki wirowej zostaty
zilustrowane za pomacpola pedkosci kropel wirowych dla obydwu przypadkéw —
nieruchomego i ruchomego zamécia. Przedstawiono rownie rozktad
wspotczynnika @inienia wzdld krawedzi zamknécia oraz wynikajce z niego
wspoétczynniki sity unoszenia i oporu. stédniona wart& tych wspdtczynnikow
pozostaje w diej zgodndci z wynikami bada eksperymentalnych. Ruch zaméaia
ku dotowi istotnie zwgksza obliczoa wartas¢ wspoétczynnika sity unoszenia.
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Overview on the state of development and the application
potential of dieless mechanical joining processes

R. NEUGEBAUER, M. TODTERMUSCHKE, R. MAUERMANN, F. RIEDEL
Fraunhofer Institute for Machine Tools and Forming Technology (IWU), Reichenhainer Str. 88, 09126
Chemnitz, Germany

In the course of ongoing development of mechanical joining technologies, different technologies were
developed in the last years, where often the necessary die as contrary die was substituted by a flat anvil.
Using the example of dieless clinching, the full potential of such process alternatives is visible. If the
tools, as the punch or the blank-holder are modified and the necessary die is substituted by a flat anvil,
then several advantages for the process alternative — the dieless clinching — emerges. For example, it is
possible to produce a one-sided flat connection, which is not producible with any other joining technol-
ogy. Additionally it is possible to enlarge the application potential of mechanical joining technologies as
for example semi-finished parts made of magnesium can be partially heated and directly joined without
an increase in process time or a reduction in the process stability. The tool’s costs, the necessary
tolerances and the tool wear are significantly reduced. The publication includes an overview over the state
of the development and the application potential with practical examples of different process alternatives.

Keywords: mechanical joining, clinching, riveting, flat-clinch-connection, dieless-clinching, dieless-riveting,
aluminium, multi-material-design, simulation

1. Introduction

Modern joining by forming technologies such as riveting or clinching is used in-
creasingly in sheet-metal-processing industries because of their many advantages.
Moreover these technologies are often interesting joining alternatives of new devel-
oped products with multi-material design [1-3]. Their biggest advantages are:

e high economic viability,

¢ wide variety of materials which can be joined similar or dissimilar,

e the absence of temperature influences to the base material in comparison to
mostly used thermal technologies such as welding or brazing.

A special benefit of clinch connections is the possibility of joining without ancil-
lary joining elements, such as rivets.

The reasons for developing dieless mechanical joining processes were manifold.
The major motives are:

1. Gain improvements in process technology

¢ no need of coaxial alignment between punch and die,
e possibility to directly heat up components fast and easy by pushing them against
the pre-heated flat anvil, to join even brittle materials, such as magnesium,
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e reduction of space requirements inside of structures to be joined (no axial move-
ment of die is necessary to pull out the protrusion of the die),

e reduction of tool and process costs

e die shape (see Figure 1) is expensive to manufacture and has higher tool wear
than flat anvils, because flat anvil can be as hard as possible, e.g. carbide materials,

¢ no dependence between tool shape and joining task (material, thickness)

2. Optimization of connection properties:

o facilitated cleaning and painting of surfaces,

e reducing efforts at preparation of component flanges e.g. for sealing strips or
welting,

e especially for flat clinch connections (see Figure 2e): manufacturing of one-
sided completely flat connections allows a use of connection in visible areas or for
piling up identical parts.

P
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a) \'}‘ ‘\\g b)[\ ~
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Fig. 1. conventional dies for clinch process: a) Fig. 2. Different kinds of mechanical joining
solid die, b) die with moving blades versus Connections: a) hollow-self-pierce punch-rivet,
¢) flat anvil as counter tool b) blind-rivet, c) solid self-pierce punch-rivet,

d) clinch, e) flat-clinch-connection

So far 4 different mechanical joining technologies have been developed and inves-
tigated, which use flat anvils as counter tool to create a form- and force-closed con-
nection between two metal sheets. Figure 3 shows a classification of dieless joining
technologies. They can be divided into processes with and without the need of ancil-
lary parts, with or without material cutting inside of the connection and divided into
connections with or without protrusions on anvil-sided component part.

The main objective was to realize a comparable technology with conventional pro-
cesses with a die as counter tool, to keep the high economic efficiency and to be able
to use similar joining machines. All shown technologies require an overlapping zone
of the component parts for joining and at least three different tools which interact to
create a mechanical joined connection. For dieless clinching [4—6], see Figure 4, in the
beginning the component parts (1) and (2) are appropriate positioned between a punch
(4), a blank-holder (5) and a flat counter tool — the anvil (3).
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Dieless mechanical
joining technologies

direct connection forming indirect connection forming|
without ancillary parts with ancillary parts
I 1
L 1
dieless clinching dieless rivet-clinching dieless self-pierce-riveting
I ] I
without without with
material cutting material cutting material cutting
|
I ] I I
with anvil-sided without anvil-sided with anvil-sided with anvil-sided
protrusion protrusion protrusion protrusion
dieless clinch-connection flat-clinch-connection dieless rivet-clinch- dieless self-pierce-rivet-
connection connection

Fig. 3. Classification of dieless mechanical joining technologies

4 5

Fig. 4. Process principle of joining a dieless clinch-connection

To produce the connection, the punch and the blank-holder are then moved toward
the components. With the blank-holder a defined retaining force is applied to the com-
ponents. The punch is pressed with high force into the components. The material of
the components in the joining area is displaced locally and moves first radially out-
wards and then, controlled by the blank-holder, upwards in opposite direction to the
punch movement, similar to a can-reverse-extrusion-process. At this stage the material
around the joining area will be lifted off from the anvil and creates a protrusion as
conventional clinch connections have, see Figure 4-middle.

After contact of punch-sided material with the punch-shoulder further movement of
the material in opposite punch-direction is obstructed. The formed protrusion will be
reduced in its height with further feed of the punch and the material, which is still pre-
sent under the shoulder of the punch, must flow radially outward. At this point a form
closure — the interlocking f (see Figure 5) — inside the connection will be created, see
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Figure 4-right. Depending on the material of the component parts, its combination and
the length of the punch tap a bulging of the neck range inside the connection is possi-
ble, which leads to an slight increase in neck thickness t,.

- < tg penetration depth
I V/dras 1, bottom thickness
V // | f % t. punch-sided camber thickness
o Lt | & f interlocking
. t, neck thickness
k I \] d, diameter inside

f t, total thickness of parts
t, thickness part 1, punch-sided

8]

|53

ty

t, thickness part 2, anvil-sided

Fig. 5. Characteristic values of flat-clinch-connections

xx

Fig. 6. Process principle of joining a flat-clinch-connection

4

The main difference between dieless and flat-clinch-connections is the complete
avoidance of an anvil-sided protrusion [7-9]. This can be reached by increasing the
blank-holder-force, which keeps the component parts flat on the anvil (3) during pene-
tration of the punch, see Figure 6. Nevertheless to control the material flow including
the creation of form-closed interlocking inside the connection the blank-holder (5) has
a specific front face, which can be shaped with various elements. Suitable shapes are
one or more circular rings with a triangular cross section or fillet radius at the inner di-
ameter. As for dieless clinch connections the punch (4) penetrates the component parts
and leads to a radial movement of material, especially in the anvil-sided part (2). Ra-
dial material distortion of punch-sided part (1) will be prevented by a circular profile.
Instead of radial flow material can be transformed in opposite direction to punch feed
into spaces of the blank-holder between the circular profiles and the punch. This mate-
rial flow leads to a creation of interlocking, but without an anvil-sided protrusion. Nev-
ertheless depending on material strength and combination a slight texture or groove at
the anvil sided part can be found.
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Dieless rivet-clinching (Figure 7) can be understood as a dieless clinching process
with a “lost punch” [10, 11]. Instead of a clinch punch, the rivet (6) with a specific ini-
tial shape and material properties will be driven into the component parts (1) and (2)
against the anvil (3) using a bigger rivet punch (4) and a blank holder (5). The rivet
transforms the material but does not cut it at any stage and leads to a radial flow of it.
As for dieless clinching an anvil-sided protrusion is created during the process, which
will be reduced in height when the rivet punch pushes the material further after getting
in contact with the punch-sided part. At this stage the interlocking will be created. De-
pending on material strength of rivet and component parts the rivet could be trans-
formed as well.

=&

Fig. 7. Process principle of joining a dieless rivet-clinch-connection

L.}

Fig. 8. Process principle of joining a self-pierce-rivet-connection

—_
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Another process, see Figure 8§ which has a flat anvil (3) as counter tool but uses
self-pierce rivets (6) is patented in [12]. In contrast to rivet-clinch-connections the
punch sided material (1) will be cut during the process by the rivet but not the anvil-
sided component (2). Conventional rivets as well as special geometries can be used.
The whole joining process is very similar to dieless rivet-clinching.
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2. Influencing parameters and characteristic values

To develop a new kind of connection its mechanical and geometrical properties
must be considered. Geometrical shaping of the dieless clinch and rivet-clinch con-
nections determines the mechanical and strength properties particularly. Considering
practical investigations and complementary numerical simulations (see Figure 9) in-

DCO04, t=1,0 mm + AlMg4.5Mn, t.=1,5 mm AlMg3, t=t=1,5 mm

a)
AlMg4.5Mn, t,=t=1,5 mm AlMg4.5Mn, ,=1,5 mm + DC04,
rivet @5.3x4.0R7, 450 HV1 t.=1,5 mm; rivet @5.3x5H2

d)

Fig. 9. Comparison of practical determined and numerical calculated cross sections
of dieless mechanical connections; a) dieless clinch-connection, b) flat-clinch-connection,
¢) dieless rivet-clinch-connection, d) dieless self-pierce-rivet-connection

punch-sided part
anvil-sided part

Fig. 10. Influencing variables to the manufacturing process of dieless and flat-clinch-connections
*flat-clinch connection only
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terlocking and neck thickness are the most significant characteristic values. Essen-
tially, characteristic values depending each other and are affected by the influencing
parameters of the joining process. The most important influencing variables of manu-
facturing and mechanical properties of dieless and flat-clinch connections are shown
in Figure 10.

In addition to these parameters for dieless rivet- and rivet-clinch-connections the
following variables could be analyzed:

e material of rivet (yield strength, hardness, malleability),

e initial geometrical shape of rivet.

3. Experimental investigations and application examples

Extensive experimental investigations have been carried out for dieless clinch-,
flat-clinch- and dieless rivet-clinch-technologies. Some of the results are shown next.

3.1. Dieless clinch-connections

One of the biggest advantages of dieless joining procedures is the much easier pos-
sibility to heat the component parts by thermal conduction compared to other me-
chanical joining technologies using a die as counter tool. By clamping parts shortly
between blank-holder and flat anvil a fast and easy heating of whole joining area of
the parts is possible, which results in a very short heating time. This procedure and the
fact that inside of dieless clinch connections mainly compressive stress predominates
enables this technology to join even brittle materials, such as magnesium. Figure 11
shows a cross-section and the anvil-sided view of a dieless clinch connection where
the anvil-sided part is magnesium. Recognizable is a big interlocking without cracks
inside the connection, what could not be reached without heating the magnesium.

Fig. 11. Cross section and anvil-sided view of a dieless clinch-connection of AIMg3 (t; = 1.0 mm) with
magnesium AZ31 (t,= 1.3 mm) — joined with heated anvil
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3.2. Flat-clinch-connections

The creation of interlocking needs the well-directed control of material flow inside
the part thickness. This can be realized by using special punch- and blank-holder-
geometries. Figure 12 shows examples of experimental investigated punch and blank-
holder geometries. A view of a connection manufactured with angular shaped punch is
shown in Figure 13. Anvil-sided a slight texturing is visible, but flatness of less than
50 um in height is reachable with this technology, depending on component materials,
their combination and thicknesses.

Applications for this type of connection are cases where protrusions are visibly or
functionally disturbing, e.g. to apply sealing strips (welting) or piling up the joined
parts.

a5 B e N /5 W/

Fig. 12. Examples of a) punch and b) blank-holder geometries of experimental investigations

Fig. 13. View of punch-side (left) and anvil-side (right) of a flat-clinch-connection at AIMg3 (2.0 mm)
3.3. Dieless rivet-clinch connections

Investigations of dieless rivet-clinch connections are related to the development of
an optimal shape and hardness of the rivets taking into consideration best connection
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properties (e.g. interlocking, connection strength). Figure 14 shows dependency of in-
terlocking on hardness for 3 different rivet shapes.

0,35 4
0,30 +
025 4

0,15 S

Interlocking [mmy]

0,10 -

0,05 + DCO4, t1=1,5 mm + AlMg3 t2= 1,5 mm; rivet: @5,0 x 3,8 mm

0,00 ~
H2 H4 Ho6
Hardness class of the rivet

Fig. 14. Dependence of connection interlocking on the hardness class
of the rivet of dieless rivet-clinch connections

4. Conclusion

State-of-the-art joining by forming methods (such as clinching or self-pierce rivet-
ing) is usually working with a contoured die as a counter tool. In contrast to them the
shown dieless joining by forming methods has various advantages. It is possible to
create connections without anvil-sided protrusions, what makes them suitable for
functional component areas. Dieless clinching allows even joining of brittle magne-
sium by locally heating it. The necessary heating time can be reduced considerably in
comparison to conventional joining by forming operations with contoured die. But
most important fact is that all shown technologies have equivalent economic effi-
ciency compared to the conventional mechanical joining processes using a die.
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Przeglad rozwoju i zastosowan bezmatrycowych mechanicznych proceséw laczenia

Publikacja zawiera przeglad rozwoju i potencjalnego zastosowania mechanicznego laczenia
z praktycznymi przyktadami. Obecnie intensywnie rozwijane sa rézne technologie mechanicz-
nego taczenia, gdzie matryca jako przeciwstempel (wypychacz) zostata zastapiona przez pta-
skie kowadlo. Uzywajac bezmatrycowego klinczowania, pojawia si¢ kilka korzysci dla alter-
natywnych procesdéw, na przykltad mozliwe jest wyprodukowanie jednostronnych ptaskich po-
faczen. Dodatkowo zastosowanie technologii mechanicznych polaczen moze zostaé rozsze-
rzone na elementy z magnezu, ktore moga zosta¢ czesciowo podgrzane i bezposrednio pota-
czone. Koszty narzedzi i ich zuzycie jest znaczaco mniejsze niz w innych metodach taczenia.



ARCHIVES OF CIVIL AND MECHANICAL ENGINEERING

Vol. VIII 2008 No. 4

Linear analysis of laminated multilayered plates
with the application of zig-zag function

A. SABIK, I. KREJA
Gdansk University of Technology, G. Narutowicza 11/12, 80-952 Gdansk, Poland

An Equivalent Single Layer Model for linear static analysis of multilayered plates is considered in the
paper. The displacements field of the First Order Shear Deformation Theory is supplemented with the
Murakami’s function to emulate the zig-zag effect. The applied Reissner’s Mixed Variational Theorem
allows to assume an independent shear stress field of parabolic distribution in each layer and to satisfy the
equilibrium conditions at the layer interfaces. The Finite Element implementation of the model is based
on the application of the 9-node Lagrangian element with a selective reduced integration. Two numerical
examples of symmetrically laminated plates are presented to illustrate the accuracy of presented ap-
proach.

Keywords: multilayered plates, zig-zag effect, interlaminar continuity

1. Introduction

A high strength, a light weight, good thermal insulation and a superior durability
are the most characteristic attributes of multilayered plates. These features are very de-
sirable in many branches of industry. Initially, the technology of these heterogeneous
structures was developed with intent to meet the particular requirements of the aero-
nautic engineering. However, decreasing cost of their production in recent years is the
reason behind the popularity of multilayered plates in other branches, also in the civil
engineering. Therefore, the problem of modelling such structures is a usual task of
many structural engineers of today.

The formulation of mechanical model of multilayered plates causes however more
difficulties in comparison with the case of homogeneous plates. For example, a ques-
tion arises how to describe the changes of material properties over the cross-section. Is
it necessary to assume independent displacement and stress fields for each layer, or
maybe, it is possible to replace the sequence of the laminas by some equivalent single
layer? In addition, due to low and different transverse stiffness of adjacent layers, the
cross-section’s deformation takes the form of a zig-zag. This is known as the ‘zig-zag
effect’ [1, 2], a recognized problem related to modelling of multilayered structures.
Consequently, the assumption of linear deformation of the cross-section is inadequate
here. Furthermore, due to the assumption of the perfect bond between the layers, the
fulfilment of equilibrium conditions at the layer interfaces is required. It means that
the distribution of transverse stresses along the plate thickness should be described by
continuous functions. Literature known this as the ‘interlaminar continuity’ [1].
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The above facts complicate the formulation of computational models for multilay-
ered structures. In the literature, one can find a multitude of approaches to overcome
these difficulties. Some of them are: the three-dimensional formulations, the so called
‘Layer-Wise’ (LW) [3] approach where independent displacement and stress fields for
each layer are assumed, or ‘Equivalent Single Layer Models’ (ESL) [3], where a sin-
gle layer with a resultant stiffness is applied. Another classification follows from
computational technique applied to solve the governing equations. Nowadays the most
popular tool is the Finite Element Method (FEM). Here, the differences among various
concepts result from the underlying weak formulation of the problem, for instance
virtual displacements or multi-field variational principle. For the systematic review —
see references [4, 5].

The aim of the present paper is to outline the formulation of the model (see, [6] for
details) that belongs to the family of ESL formulations. Starting from the First Order
Shear Deformation Theory (FSDT) additional assumptions are made in order to ac-
count for both the ‘zig-zag effect’ and the ‘interlaminar continuity’. In the computa-
tions, the Finite Element Method is applied. To illustrate the performance of the model
in linear static analysis, two numerical examples are presented.

2. Characteristic of the model

As mentioned above, the presented formulation belongs to the group of ESL mod-
els. This approach is based on reduction of a three-dimensional solid to a two-dimen-
sional midsurface, as in case of homogeneous plates. This means that only one dis-
placement field and one stress field are assumed for the whole cross-section.

2.1. Displacement field

The displacement distribution through the plate thickness is a sum of linear distri-
bution (FSDT) and Murakami’s zig-zag function (Figure 1). The Murakami’s function
is defined as follows:

f@=D"&,
i =224/, (D
k=1,2...Nj.

where &, , z; are non-dimensional and dimensional coordinate of the layer k, respec-
tively, /4y is the thickness of the layer &, and NV, stands for the number of layers.

It can be clearly seen, that the function (1) changes the slope at the layer interfaces.
Its introduction to the displacement field is a simple way to simulate the ‘zig-zag
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effect’. More details about properties of Murakami’s function can be found in [1].
Other approaches used to describe the ‘zig-zag effect’ are discussed in [7].

As a result, the standard five-parameter displacement field of FSDT, is enhanced
by two additional variables:

w(x, v, 2) = o (x, ) + 0 (6, ) + (1) & D (x, ),

VX, 3, 2) = v, (6, ) + 0, (6, 9) + (1) & D, (x, ), 2
w(x, y, 2) = W, (X, ),

where u,, v,, w, are translations of midsurface points in x, y and z-axis direction, re-
spectively (Figure 2), ¢, ¢, are rotations in x-z and y-z surfaces. The additional pa-

rameters D,, D, can be interpreted as amplitudes of the Murakami’s function. It can be
seen from (2) that the transverse normal strain effect is omitted.

Fig. 2. Coordinate system and degrees of freedom

2.2. Stress field

Bending stresses are evaluated following standard displacement formulation. How-
ever, there is a necessity to adopt an independent field of transverse stresses to satisfy
the required equilibrium conditions at layer interfaces. Since the effect of transverse
normal strain is not taken into account, the assumption of an independent field is made
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only with the reference to the transverse shear stresses. The shear stress field for each
layer is determined by six unknowns assembled in vector X,

X ! {0’ o' R. R, o’ o }T, 3)

o, Xz yz Xz vz Xz vz

where indices ¢, b denote the top and bottom surface of layer £, respectively and R,.,
R,. are stress resultants given by:

R.=[oud,  i=xy. (4)
hy

The distribution of shear stresses in layer k£ follows from interpolation scheme
o, F 0 F 0 F, 0
Gs,k = = : Xu,k s (5)
o, 0 F 0 F 0 F
k ° k

where X are given in (3) and the interpolating functions are defined as:

Fl6)=-g+ 3438,
1 £2
Fl(g’k)=ﬂ2%), ©
k
3
Re)=-g-2+38.

Due to the stress continuity requirements, the distribution of the stress field through
the whole cross-section need to satisfy the following conditions:

ol . =0

xz,k = Y xz,k+1>
t _ b
O_yz,k - O-yz,kJrl’ (7)

k=1,2..N, -1.
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Moreover, additional assumptions are made regarding the transverse shear stresses
at the top and the bottom surfaces:

o (z=+h/2)=0,

o, (z=%h/2)=0. (®)

Figure 3 illustrates the projections of assumed shear stress distribution through the
cross-section:

X

i

k=2
k=1

Fig. 3. Assumed shear stresses distribution oy;, g,.

2.3. Variational principle

A usual basis of any FEM model is some weak formulation of a particular me-
chanical problem. When the principle of minimum total potential energy [8] or virtual
displacement method is applied as the weak form then the basic unknowns are dis-
placements. An alternative way can be adopting the principle of minimum comple-
mentary energy or virtual forces method. In this case, the stresses are initial unknowns
[3]. There is also another way, namely by applying mixed variational principles, e.g.
Hellinger-Reissner or Hu-Washizu principle [9].

The internal energy functional W, used in the present formulation reads [3]:

Ni
W= [ Q[ (s -0, 14 + 58] -0, + 50, (8 —&, 4 ))dz)dA, ©)

A4 k=1p,

where €, ¢ are strain and stress vectors, respectively; indices b, s denote correspond-
ingly bending and shear terms; £ is the layer number, 4 is midsurface area and H indi-
cates terms obtained from the Hooke’s law. Transverse shear stresses are computed as
described in paragraph 2.2. Bending and shear energy are the first and the second term
respectively. The last term in (9) represents the condition of shear stress compatibility
at layer interfaces. The form of the relation in parenthesis results from simple trans-
formations based on the assumption that
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-1
6.,y =D& and g ,=Dio,,, (10)
what allows to write

T
G, =Cg,ny —> &y=% = J-(Sﬁs,k'(ﬁs—ﬁs,ﬁ)dZ:O- (11)
hA

A proper classification of the variational principle (9) is somewhat problematic, be-
cause at first there are two kinds of unknowns, namely displacements and shear
stresses, but due to the condition (11) stresses are eliminated from unknowns. This ap-
proach was proposed by Eric Reissner in the 1980 and therefore is known as Reiss-
ner’s Mixed Variational Theorem (RMVT) [3]. It should be noticed that the stress
elimination must be carried out on cross-section level satisfying conditions (7) and (8)
(compare [6]).

3. Numerical examples and discussion

Two numerical examples are given below to illustrate the performance of the con-
sidered model. As discussed in 2.3, the resulting finite element formulation based on
the above assumptions possesses only seven kinematical degrees of freedom, given in
(2). In the analysis, the 9-node Lagrangian element was applied. In order to avoid
locking effect [8], the selective reduced integration [10] was used to obtain element’s
matrices. The results obtained within the framework of the present formulation are
taken from [11].

3.1. Simple supported square sandwich plate

Following [5] a square, simply supported sandwich plate under uniform distributed
load ¢ is investigated (Figure 4).

Fig. 4. Square sandwich plate
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The layers have following parameters: skins — h, = 0.14, E\/E, =25, G /E, =
G13/E2 = 05, G23/E2 = 02, Vi = 025, nner layer — hw = 08h, El/Ez = 1, G13/E2 =
Gx/E, = 0.06, G1o/E, = 0.016, v, = 0.25. Maximal values of deflection, normal and
shear stresses were obtained for various a/h ratios. Shear stresses are evaluated by
integrating three-dimensional equilibrium equations as follows:

NL
o= [(o,,+0..)d,
k=1p,

Ny (12)
o, = —Z J'(O')wr +o,, )dz.

k=1 hy

Non-dimensional values are introduced as:

w =w-100-E, -1 /(q-a"),

*

o =0, g-(alh)),
o, =0./(q-(alh)).

To discuss the effectiveness of the presented formulation the obtained solutions are
compared in Tables 1, 2 and 3 with results calculated with other models. The error
value in Tables 1, 2 and 3 (s= |w'— w*,q{/ W*ref 100%) is evaluated with respect to the
reference solution obtained using the LW-type approach LM4 [5], which is basing on
the variational formulation (9) but using the fourth order polynomial description of the
displacement and transverse stress distribution through the layer thickness. ED4 and
FSDT denote ESL only displacement formulations with displacement field given by
fourth and first order polynomial, respectively. It should be noticed that LM4 and ED4
take into account the transverse normal deformability of the plate. ‘Zig-zag effect’ and
‘interlaminar continuity’ are satisfied only by the LM4 and the present model.

Table 1. Comparison of deflection results for sandwich plate

wx=al2,y=al2) -]
Model & & I3
a’h=4 [%] a’h=10 [%] a’/h =100 %]
LM4 [5] 10.682 3.083 1.262
EDA4 [5] 9.909 7.24 2.923 5.19 1.260 0.16
FSDT [5] 5.636 47.24 1.984 35.65 1.218 3.49
Present results 10.698 0.15 3.087 0.13 1.262 0.00
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Table 2. Comparison of normal stresses results for sandwich plate
O (x=al2,y=al2,z="h/2)[-]

Model B & B 3 _ J
ah=4 %] a/h =10 %] a’/h =100 %]
LM4 [5] 1.902 1.509 1.505
ED4 [5] 1.929 1.42 1.519 0.66 1.506 0.07
FSDT [5] 1.168 38.59 1.391 7.82 1.476 1.93
Present results 1.905 0.13 1.503 0.40 1.506 0.07

Table 3. Comparison of shear stresses results for sandwich plate
Oy (x=0,y=al2,z=0)[]

Model B & B 3 _ J
ah=4 [%4] a/h =10 %] a’/h =100 %]
LM4 [5] 0.4074 0.5276 0.5889
ED4 [5] 0.3574 12.27 0.5104 3.26 0.5881 0.14
FSDT [5] 0.5249 28.84 0.5716 8.34 0.5876 0.22
Present results 0.3949 3.07 0.5245 0.59 0.5968 1.34

The contents of the Tables 1, 2 and 3 allow one to conclude that the accuracy of the
present solutions is very satisfying. Only the shear stress result in the case of the thin
plate (a/h=100) is less precise than values evaluated from ED4 and FSDT. However,
the received error level in this case is still quite low. The significant differences be-
tween the present solutions and FSDT [5] emphasize the importance of consideration
both the ‘zig-zag effect’ and ‘interlaminar continuity’ in modeling of multilayered
structures. It can be also observed, that presented approach is more effective than ED4
[5]. High accuracy (low relative error ¢) in the case of thick plate could be a conse-
quence of low transverse normal deformability of the cross-section.

3.2. Simple supported square cross-ply plate

This is a classical benchmark proposed by Pagano and Hatfield [12] and investi-
gated by many other authors (see e.g. [13]). Displacement and stress state of 9-layers
(0/90/0/90/0/90/0/90/0), simply supported, square plate are analysed (Figure 5).

z

—a__,_ a =

Fig. 5. Square cross-ply plate
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The parameters of each lamina are following: E; = 172.375E6 kPa, Er= 68.95ES5 kPa,
G.r=3.4475E6 kPa, Grr=1.379E6 kPa, v;r = vyr = 0.25. The layers of the same ori-
entation have equal thickness. The total thickness of 0° and 90° laminas is identical.
The study was made with respect to several proportions a/A. The plate is loaded by bi-
sinusoidal pressure:

. [nxj . (ﬂ'yj
p=p,-sin| — |-sin| — |.
a a

The results are given in non-dimensional form according to:
w' =ztow/(128%p, ), ot = p,S?). ot =0 (p,S). S = alh,
0=4G,; + [EL + ET(l +2vpp )]/(1 - VLTVTL) .

Tables 4, 5 and 6 include present results confronted with the 3D solution given by
Pagano and Hatfield [12].

Table 4. Comparison of deflection results for cross-ply plate
wx=al2,y=al2) [-]

Model & & &
a/h=10 %] a/h =20 %] a/h =50 %]
3D [12] 1.512 1.129 1.021
Present results 1.441 4.70 1.112 1.51 1.018 0.29

Table 5. Comparison of normal stresses results for cross-ply plate
ox (x=al2,y=al2,z=h{2) [-]

Model & & &
a’h=10 %] a/h =20 %] a/h =50 %]
3D [12] 0.551 0.541 0.539 0.551
Present results 0.516 6.35 0.531 1.85 0.537 0.37

Table 6. Comparison of shear stresses results for cross-ply plate
cxz* ()C= an: a/Z’Z: O) [7]

Model & £ e
a/h =10 a/h =20 a’h =50
[%o] [%] [%]
3D [12] 0.247 0.255 0.258
Present results 0.243 1.62 0.254 0.39 0.258 0.00

The comparison given in Tables 4, 5 and 6 seems to confirm the good accuracy of
the presented formulation in the analysis of thin and moderately thick symmetrically
laminated plates similarly, as observed in the previous example 3.1. Nevertheless, here
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the discrepancies between the present results and the reference solution are more pro-
nounced. This may be attributed to the fact that the reference solution is a three-di-
mensional one. In addition, the differences may result from poor spatial approximation
of the load in case of present computations. By comparing error values in Tables 4, 5
and 6, one can easily observe that the effectiveness of the model is lowest in the case
of normal stresses. This is noteworthy, because normal stresses are evaluated accord-
ing to the displacement field (from Hooke’s law). Furthermore, following (12), shear
stresses depend on normal stress results. Nevertheless, it should be reminded that the
both stress fields in FEM-computations are obtained by using different derivatives of
shape functions. Maybe this fact could be an explanation for this significant error dis-
tribution. Moreover, this example illustrates clearly that the accuracy of the presented
model deteriorates with the decreasing ratio a/4. One can make conclusion that the
correctness of this formulation in the case of thick plates depends strictly on the inten-
sity of transverse normal strain effect (see 3.1).

4. Conclusions

The paper presents theoretical foundations and numerical investigations of two-
dimensional FEM model for multilayered plates. The basis of the demonstrated ap-
proach is the First Order Shear Deformation Theory (FSDT). Two additional degrees
of freedom of piecewise continuous distribution through the plate thickness are intro-
duced to simulate the ‘zig-zag effect’. The formulation accounts for the ‘interlaminar
continuity’ requirement by means of the two-field variational principle, commonly
known as the Reissner’s Mixed Variational Theorem (RMVT). Due to the shear stress
continuity condition the stress’ unknowns are eliminated at element level. Therefore,
the resulting finite element possesses only kinematical degrees of freedom. Two nu-
merical examples of symmetrically laminated plates are presented to demonstrate the
efficiency of the model. A 9-node Lagrangian element with seven degrees of freedom
in each node is used in computations. The obtained results prove that the presented
approach can be very effective tool in investigations of thin and moderately thick
symmetrically laminated plates.
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Analiza liniowa laminowanych plyt warstwowych z zastosowaniem funkcji zig-zag

W pracy analizowany jest dwuwymiarowy model MES plyty warstwowe] bazujacy na teo-
rii §cinania pierwszego rz¢du, w ktorego sformutowaniu uwzglednione sa dodatkowo efekt zig-
zag oraz warunki rownowagi migdzywarstwowej. Zygzakowa deformacja przekroju modelo-
wana jest poprzez wzbogacenie liniowego rozktadu przemieszczen teorii §cinania pierwszego
rzedu kawatkami ciagla funkcja Murakami’ego. Pole przemieszczen w prezentowanym sfor-
mulowaniu jest okres§lone poprzez siedem stopni swobody. Spelienie warunkow rownowagi
na granicach warstw jest mozliwe dzigki przyjgciu niezaleznego, ciagtego w przekroju plyty
rozktadu naprgzen poprzecznego $cinania. Efekt poprzecznego rozciagania jest w modelu po-
minigty. Dodatkowy warunek zgodno$ci naprezen na stykach warstw umozliwia wyelimino-
wanie niewiadomych naprezeniowych z zestawu niewiadomych. Eliminacja przeprowadzana
jest na poziomie catego przekroju przy uwzglednieniu warunkow ciaglosci naprezen na grani-
cach warstw oraz ich braku na zewngtrznych powierzchniach ptyty. Odpowiadajacy element
skonczony posiada jedynie kinematyczne stopnie swobody.

W artykule przedstawiono podstawy teoretyczne modelu z odniesieniem do traktujacych
o nim pozycji literatury. Zawarto dwa zaczerpnig¢te z dostgpnych Zrédel przyklady nume-
ryczne, na podstawie, ktorych przeprowadzono dyskusje¢ efektywnosci prezentowanego podej-
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$cia w zakresie statycznej analizy liniowej plyt symetrycznie uwarstwionych. Wyniki wilasne
otrzymano przy zastosowaniu 9-wegztowego elementu Lagrange’a. Poniewaz elementy skon-
czone zbudowane na bazie zalozen prezentowanego modelu nie sg wolne od efektu blokady,
podczas catkowania macierzy sztywnos$ci elementdéw stosowano technikg catkowania selek-
tywnie zredukowanego. Z pordwnania uzyskanych wynikéw z rozwiazaniami odniesienia wy-
nika, ze badany model bardzo skutecznie oddaje zachowanie cienkich i umiarkowanie grubych
symetrycznie uwarstwionych plyt warstwowych.
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Many constructional processes are carried out by machines working together and forming technologi-
cal systems. An example here can be an earthmoving machinery set made up of excavators and means of
transport. For process design purposes most important are the effectiveness ratios relating to the profits
and losses stemming from system use, i.e. the system efficiency per unit work ratio Wy; the index of
losses due to the idle times of the machines working in the system S;; the output transport unit cost index
K;. This paper presents the results of applying neural networks in predicting effectiveness ratios, i.e. W),
S; and K for earthmoving machinery systems consisting of ¢ excavators and N means of transport. It is
showing the relevance to practitioners and researchers industry. The values of the characteristics can form
a standard basis for designing construction earthworks. Having a dataset consisting of the technical pa-
rameters of earthmoving machinery systems and the corresponding effectiveness ratios one can train neu-
ral networks and then use the latter for the reliable prediction of Wy, S; and K;.

Keywords: earthwork, efficiency, losses, costs, neural networks

1. Introduction

Many constructional processes are carried out by machines working together and
forming technological systems (also referred to as technological sequences or chains).
An example here can be an earthmoving machinery set made up of excavators and
means of transport [14, 16]. The actual amount of work needed to carry out a specific
task depends on, among other things, the number and configuration of the machines
involved, their technical parameters and the influence of the external environment on
the system. The machines operating in a system should be selected with regard to their
number and technical parameters so that their work is harmonized in terms of effi-
ciency, reliability, place and time.

The interaction between the machines in most sets of machinery found on a build-
ing site can be analysed from a systemic perspective, using queuing theory [4, 5].
A systemic analysis of constructional processes allows one to assess the effectiveness
of an investigated process, taking into account the probabilistic nature of operation
execution time. A system operation effectiveness assessment can be made if one
knows the following characteristics [3, 8]: service channel occupancy times, the num-
ber of arrivals serviced during service channel occupancy, the time the arrivals wait
for service and the number of arrivals waiting to be serviced.
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For process design purposes most important are the effectiveness ratios relating to
the profits and losses stemming from system use, i.e.

e the system efficiency per unit work ratio, W),

e the index of losses due to the idle times of the machines working in the system,
S,

e the output transport unit cost index, K;.

The analytical solutions of queuing system models are relatively simple when the
latter are single-phase models (with one or many service channels), the flow of arri-
vals is of the Poisson type and the distribution of service durations is exponential or of
the Erlang type [8]. In order to use such models one needs to have proper computer
software capable of performing a large number of calculations in a short time for dif-
ferent configurations of machines operating in a system. If, however, the distribution
of service times and interarrival times is an arbitrary distribution, the single-phase
models are solved by simulation methods [8, 15, 21]. In latter case, the computer pro-
gram simulating the system’s operation is much more complicated and the computa-
tion time is much longer.

It is essential that the type of service and interarrival time distribution be deter-
mined by time studies. The introduction of new sets of machinery or the realization of
the works in different environmental conditions makes it necessary (for both the ana-
lytical model and the simulation model) to carry out new laborious studies of input
and service times. This may pose a problem since it is often impossible to carry out
such studies at the work design stage.

The above problem can be solved by employing artificial neural networks (ANNS5),
which through training can acquire an ability to predict — on the basis of exclusively
the training data — output signals for designing sets of earthmoving machinery [1, 7,
19, 20, 22]. One should note that the basic feature which distinguishes ANNs from
programs that algorithmically process information is their ability to generalize knowl-
edge for new (previously unknown) data, i.e. data not presented during their training.

This paper presents the results of applying artificial neural networks in predicting
effectiveness ratios, i.e. W), Sj and K. for earthmoving machinery systems consisting
of ¢ excavators and N means of transport. The values of the characteristics can form
a standard basis for designing construction earthworks. It is showing the relevance to
practitioners and researchers industry.

2. Research methodology

The methodology schematically shown in Figure 1 was used demonstrate the use-
fulness of artificial neural networks for identifying efficiency W, unit cost K; and
unit loss S; of earthmoving machinery systems.

According to Figure 1, the research consisted of two main stages. Stage 1 covered
on-site investigations carried out for selected earthmoving machinery sets made up of
excavators and haulers transporting spoil from the building site to an unloading site.
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Fig. 1. Schema of research methodology

The investigations consisted in measuring excavator work cycle time t, and hauler
work cycle times tj. The track loading platform capacity Pj, excavator bucket capacity
Ok, output transport distance L, type of road surface Ky, excavator work cycle time t,,
hauler work cycle time tj, excavator work cost K;, means of transport work cost K,
number of excavators ¢ and number of means of transport N operating in the system
were the input parameters for this stage which included:

e studies of loading times and transport cycle times,

e statistical processing of time study results,

e identification of the process as a queuing system,

e construction of a computer simulator,

e computer computations which yielded effectiveness ratios: system efficiency
W), unit loss Sj and unit cost K;.

A single-phase, multichannel mass service system with: a Poisson arrival flow, an
exponential distribution of service durations, a closed cycle of arrivals and FIFO
queue rules was adopted. A diagram of the system is shown in Figure 2.

The system’s efficiency is expressed by the formula:

Wn)=c¢ (1 —WPRia) ):upjtti . (1)
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Fig. 2. Diagram of mass service system considered

The unit loss due to excavator and means of transport downtimes is given by the
relation:

S; =WP 4K, + E(N)K{ (2)

The output digging and transport unit cost is expressed by the relation:

K = (cK, + NK,)/cW,y, 3)

where:

1 — the average service rate,

Pj: — the truck loading platform capacity,

¢ — the number of excavators,

t; — time instant i,

N — the number of trucks,

Ks — means of transport work cost,

K, — excavator work cost,

WP — an excavator idle time coefficient,

ENy — the average number of means of transport queuing up for all the service
channels.

Knowing the values of the above characteristics for different sets of machinery and
external environmental effects one can choose an optimal set. The values of the char-
acteristics can be obtained from an analysis of the system’s permissible states in the
conducted process.
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Stage II covered the construction of an artificial neural network, its training and
testing and an analysis of the results. In order to design a system of ANNs for a par-
ticular task one needs to specify the network structure, i.e. determine the number of
layers and the number of neurons in each layer, the parameter weights and the activa-
tion function coefficients.

A database made up of the technical parameters of the machinery systems (for
which time studies had been carried out and the values of efficiency W, unit loss S;
and unit cost Kj had been calculated from relations (1), (2) and (3), was used to train
the network. The database was divided into five sets. The division criterion was output
transport distance which amounted to: 1, 2, 3, 5 and 7 km. The data sets were written
to a computer file constituting segment 1 of stage Il and then entered as input pa-
rameters for the neural networks into segment 2. Each data set was divided into two
parts: a training set and a testing set.

Segment 2 of stage II (Figure 1) is the MATLAB computer program used for net-
work simulations. A neural network type was chosen and a neural network was de-
signed by experimentally determining its structure. The training patterns were fed ran-
domly. The neural network training and testing results, including the network structure
and the weight values, were saved to a file. The output data from segment 2 were
analysed in segment 3 (Figure 1). First the data which the neural network was trained
on were input and the ability to reproduce the training patterns was tested. Then the
testing data were input and the identification was checked for correctness. The identi-
fied effectiveness ratios: W), S and K;. were obtained at the segment’s output.

3. Structure of artificial neural network

The effectiveness of a mass service system depends on many technical parameters
of its components and on the operating conditions. The main factors having a bearing
on the system’s effectiveness ratios include: transport unit loading time, transport unit
work cycle time, the excavator bucket capacity, the transport unit loading platform ca-
pacity, the transport unit driving speed, the excavator bucket working speed, the kind
of road surface, the category of the ground, the number of excavators working in the
system, the number of transport units working in the system, the excavator work cost
and the transport unit work cost.

Some of the input parameters were eliminated during the training process in order
to obtain an optimal result. Ultimately, to train the neural network we adopted the
following vectors:

W(N) = {Ca N: gk: ij Kd}:v (4)
S] = {C, N: gk’ Pjt’ Kd}: (5)

KJ = {C7 N) gk; ij Kd}> (6)
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where:

Ok — the excavator bucket capacity,

K¢ — type of road surface.

As a result of training and testing, a network consisting of three unidirectional
multilayer error back propagation networks with a conjugate gradient algorithm
(BPNN-CGB) was constructed (Figure 3). This type of network was chosen since it is
the most suitable for solving the considered problem [2, 6, 9—13, 23]. A nonlinear
sigmoidal activation function was adopted. Each of the networks generated one result,
1.e. the first network — Wy, the second network — S; and the third network — K.

Table 1 shows exemplary values of the technical parameters of the machinery sys-
tems for which the time studies were carried out and the corresponding effectiveness
ratio values yielded by the model simulating the working together of the machines.
The values were used to predict efficiency W), unit loss Sj and unit cost K; for an out-
put transport distance of 2 km. The structural components of the adopted BPNN-CGB
neural network are shown in table 2 [9—13]. The network structure is used to identify
in turn: W), S and K at the particular output transport distances.

Unit cost
Kj

Efficiency
Wy
Unit loss
Sj

Output layer

Hidden layer

Input layer

Number of
excavators ¢
Number
of trucks N
Excavator bucket
capacity g
Truck loading
platform capacity Pj
Type of road
surface Kqg

Fig. 3. Structure of adopted unidirectional multilayer error back propagation network
with conjugate gradient algorithm (BPNN-CGB)

Since it was impossible to determine which parameters and modifications would
give the best result, the different network elements were selected through training and
testing. The following quantities: the number of hidden layers, the number of neurons
in the hidden layer, the error threshold value and the number of training epochs were
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modelled [9—13]. One should note that 200 patterns — 170 for training and 30 for test-
ing — were used for each neural network.
During network modelling the so-called stop criteria were applied to the training
process [9-13]. A network was considered well trained when:
e the values of the training and testing errors were the same or similar,
e the number of epochs at the assumed error value was the smallest,

e the correlation coefficient for data mapping was close to 1,
e the training and testing errors were below 15%,
o the standard deviation was below 12%.

Table 1. Exemplary values of parameters for predicting: efficiency Wy, unit loss S; and unit cost K; for

output transport distance of 2 km

Number of | Number Bucket Truck ca- | Type of | Efficiency | Unit loss Unit cost
No excavators | of trucks | capacity pacity road
’ category

Cl] N[ | gdm’] | Pylw’] | Ke[] | Wey[m¥h] | Sifzbm’] | K[zbm’]
1 2 6 2.5 12 2 133.33 670.68 18.83
2 3 38 2.5 12 2 392 5966 18.95
3 4 21 2.5 12 2 232.36 524.25 15.74
4 5 15 2.5 12 2 134.26 649.41 18.7
5 1 2 34 12 2 76.04 245.95 17.89
6 1 4 34 12 2 134.46 410.05 17.7
7 1 20 34 12 2 187.56 7792.07 56.2
8 2 2 5.6 12 2 42.89 723.4 31.71
9 2 4 5.6 12 2 85.36 608.1 21.91
10 2 14 5.6 12 2 254.78 1179.37 17.35
200 2 17 5.6 12 2 276.73 2122.53 18.74

Table 2. Adopted structural components of BPNN-CGB neural network for identifying in turn: efficiency
W), unit loss S; and unit cost K at specified output transport distances.

Distance Network structural components
[km] number of number of hid- number of neurons in number of number of
inputs den layers hidden layer outputs epochs
1 5 1 8 1 200
2 5 1 8 1 200
3 5 1 8 1 200
5 5 1 8 1 200
7 5 1 8 1 200

The error value which determined the degree of learning of a given network was
the principal criterion for ending the process. The root of the mean square error:

RMSE(P) =[5 ¥ (2, - ¥,)? -

P
p=

1

(7
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where:

yi — the computed network output vector,

Zi — the target output vector,

P — the number of samples in the database, was used as the measure. The error was
computed simultaneously for the training and testing data during the training of the
particular neural networks.

4. Network training and testing results

Figure 4 illustrates the relation between the value yielded by the model simulating
the operation of the machinery system and the value predicted by the BPNN-CGB
neural network for an output transport distance of 1 km. The results prove that the
BPNN-CGB neural network correctly maps the training data and correctly identifies
the testing data — as evidenced by the location of the points close to the centre line cor-
responding to the ideal mapping and by the fact that very high values of correlation
coefficient R (Figure 4) were obtained for both training and testing.

Figure 5 shows graphs of the training and testing RMSEs versus the number of ep-
ochs for the adopted neural network for respectively: efficiency W, unit loss Sj and
unit cost Kj at an output transport distance of 1 km. It follows from the figures that
RMSE rapidly decreases with the increasing number of epochs.

The correlation coefficient and RMSE values for the BPNN-CGB network for
identifying efficiency W), unit loss Sj and unit cost K| at the particular output trans-
port distances are compiled in Tables 3-5.

a)
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0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450
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Fig. 4a. Relation between value yielded by model simulating operation of machinery system and value
predicted by neural network (for training and testing sets) for: a) efficiency Wy
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b) UNIT LOSS UNIT LOSS
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Fig. 4b,c. Relation between value yielded by model simulating operation of machinery system and value
predicted by neural network (for training and testing sets) for: b) unit loss Sj, ¢) unit cost Kj and output
transport distance of 1 km

Table 3. Correlation coefficient and RMSE values for BPNN-CGB for identifying efficiency Wy, at speci-
fied output transport distances

. Correlation coefficient Root Mean Square Error
Distance R[] RMSE [-]
[km] — - P :
training testing training testing
1 0.993 0.993 0.0128 0.0148
2 0.988 0.993 0.0232 0.0240
3 0.992 0.989 0.0159 0.0232
5 0.994 0.989 0.0109 0.0188
7 0.996 0.995 0.0070 0.0132
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Fig. 5. RMSE (for neural network training and testing) versus number of epochs for: a) efficiency W),

b) unit loss S;, ¢) unit cost Kj and output transport distance of 1 km

Table 4. Correlation coefficient and RMSE values for BPNN-CGB for identifying unit loss S; at specified
output transport distances

Distance in Correlation coefficient R [] Root Mean Square Error RMSE [-]
[km] training testing training testing
1 0.999 0.994 0.0016 0.0043
2 0.9806 0.9799 0.0383 0.0515
3 0.998 0.996 0.0047 0.0089
5 0.984 0.858 0.0321 0.0414
7 0.996 0.994 0.0077 0.0077

Table 5. Correlation coefficient and RMSE values for BPNN-CGB for identifying unit cost K; at specified
output transport distances

Distance Correlation coefficient R [—] Root Mean Square Error RMSE [-]
[km] training testing training testing
1 2 3 4 5
1 0.981 0.926 0.0360 0.0518
2 0.995 0.801 0.0092 0.0067
3 0.984 0.944 0.0323 0.0294
5 0.990 0.884 0.0200 0.0239
7 0.999 0.556 0.0200 0.001

5. Conclusions

The results presented confirm the suitability of unidirectional multilayer error back
propagation neural networks with a conjugate gradient algorithm (BPNN-CGB) for
predicting such effectiveness ratios as: efficiency W), unit loss S; and unit cost Kj of
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systems of earthmoving machines working together, as evidenced by the low network
training and testing RMSE values and the high values of correlation coefficient R for
testing. This has been demonstrated for different configurations of machines operating
in a system consisting of ¢ excavators and N means of transport at different output
transport distances of 1, 2, 3, 5 1 7 km. Therefore it can be concluded that having
a data set consisting of the technical parameters of earthmoving machinery systems
and the corresponding effectiveness ratios obtained for different output transport dis-
tances one can train artificial neural networks and then use the latter for the reliable
prediction of efficiency Wy, unit loss S; and unit cost K;.
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Zastosowanie sztucznych sieci neuronowych do predykcji wskaznikow
efektywnosci ukladéw maszyn do robot ziemnych

Wiele procesow budowlanych realizowanych jest przy pomocy wspdlpracujacych ze soba
maszyn tworzacych uktady technologiczne zwane réwniez ciaggami lub tancuchami technolo-
gicznymi. Przykladem takiego technologicznego uktadu moze by¢ zestaw maszyn do robot
ziemnych sktadajacy si¢ z koparek oraz srodkoéw transportowych. W pracy przedstawiono za-
stosowanie sztucznych sieci neuronowych do predykacji takich wskaznikow efektywnosci jak:
wydajno$¢ W), straty jednostkowe S; oraz koszty jednostkowe K; uktadow wspolpracujacych
maszyn do robot ziemnych. Z rezultatdéw badan wynika, ze dysponujac zbiorem danych skta-
dajacym si¢ z parametrow technicznych uktadow maszyn do robdt ziemnych oraz odpowiada-
jacym tym parametrom wartosciom wskaznikow efektywnosci, mozna nauczy¢ sztuczne sieci
neuronowe, a nast¢pnie wykorzysta¢ je do wiarygodnego neuronowego predykowania W), S;
oraz K.
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Drop forging of HSLA steel with application
of thermomechanical treatment
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AGH - University of Science and Technology, al. Mickiewicza 30, 30-059 Krakow, Poland

Problems of realization of thermomechanical treatment for microalloyed-steel forgings are presented.
The issue is discussed on the example of high-pressure-pump crankshaft. On the strength of numerical
analysis results conditions for favourable strain and temperature distribution were determined. In addi-
tion, by means of numerical modelling proper perform geometry was designed, which allowed elimina-
tion of costly trials in industrial conditions, necessary especially for this part due to inclination to fold for-
mation. The knowledge of precipitation kinetics in the analysed steel in combination with the obtained
profiles of temperature made it possible to determine appropriate forging temperature, time, rate and
a scheme of cooling. The experimental tests run in industrial conditions confirmed reasonability of as-
sumed technology. Mechanical testing proved required high ultimate strength and yield stress and ductil-

ity.

Keywords: thermomechanical treatment, controlled cooling, mechanical properties, numerical modelling, hardness,
yield stress

1. Introduction

The needs of automotive industry and the economics of processing industry in-
duced research for new grades of steels characterized by high strength, high yield
stress, crack resistance and good weldability [1]. Traditionally, forgings of compo-
nents of transmission systems, suspension or crankshafts used to be made of carbon
steels subjected to quenching-tempering treatment. Additions of alloying elements and
controlled processing depending on a synergic combination of plastic deformation and
heat treatment is now a common way of reducing manufacturing costs to improve me-
chanical properties of steel [2, 3].

Efforts to introduce Nb into steel for hot-rolled sheets gave rise to development of
important group of microalloyed steel, important for technical and economical reasons
[4]. Benefits of microadditions in steel were fully revealed in High Strength Low Al-
loy steels (HSLA). Their final properties are provided directly after deformation proc-
ess as a result of controlled cooling [5].

The first tests of air-cooling directly from hot-working temperature date back to the
seventies, which resulted in producing so-called 1% generation microalloyed steels.
The most common steel of this group, 49MnVS3 — medium-carbon steel with vana-
dium additions, was used for manufacture of responsible components such as crank-
shafts. Despite relatively high level of strength, hardness of those steels was relatively
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low. To increase hardness silicon in content of 0.5% was added and simultaneously
carbon was reduced to 0.38-0.27%. These additions were also to improve weldability
and castability. The decrease in strength was compensated with high manganium
(>1%), with minor content of nitrides and carbides forming elements. In following
years new steels group was developed, giving rise to so called 2™ generation of micro-
alloyed steels. Steel 38MnSiV5 may be referred to as a representative of this group
[6, 7]. Since then, constant development in this field has been witnessed, with steel
precipitation hardened during controlled cooling directly from the deformation tem-
perature. Vast majority of application of these grades involved hot-rolling processes,
while in forging processes, on account of more complex determination of process pa-
rameters, these steels were not so readily used.

This days stale “SiV” steels are produced, which exhibit high strength and hard-
ness, as well as good crack resistance and weldability associated with low carbon
content. These steels have ferrite-perlite structure. Currently, contribution of products
made of microalloyed steels in well-developed countries reaches 50% of the total
amount of steel used in automotive industry and still an ever-increasing tendency is
observed [9]. It is estimated that utilization of these sorts of steels with thermome-
chanical processing in the manufacture of automotive forged parts brought manufac-
ture savings of about 20%. What is more, structural components of HSLA steel, as
compared to traditional structural steels can bear the same loads at smaller cross-sec-
tions.

To benefit from thermomechanical treatment (TMT) in a forging process some
technological setbacks must be overcome. They arise from diversity of shapes and
sizes of forged parts, which calls for the necessity of determination unique forging and
cooling process parameters [3]. The mechanical properties of forged components
made of microalloyed steels are obtained by proper determination of forging process
conditions, such as preheating temperature, forging temperature, dwell time and time
of intervals between consecutive operations, as well as cooling conditions after com-
pleting the forging operations. Additional issue is a preheating temperature which
must provide good forgeability as to obtain desired geometry at minimum number of
blocker impressions and, on the other hand, appropriate temperature from the micro-
structure standpoint; keeping some of carbides undissolved and preventing from grain
growth.

As-forged material condition is reflected by the condition of microstructure resul-
tant from strain distribution and temperature gradients in the volume. The nature of the
forging process itself introduces additional variables which contribute to possible non-
uniformity of obtained microstructure after forging. In case of complex parts, some
sections significantly differ in thickness, causing both nonuniform distribution of de-
formation and local increase in strain rate, and in result, significant amount of defor-
mation heat. Complex geometry produces a metal flow pattern resulting in completely
different time of contact of deformed metal with tool surface. Although the tempera-
ture differences diminish during subsequent stages before cooling, such as trimming
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operation, in the aftermath of the temperature and strain gradients, local differences of
microstructure occur, for instance in the form of grain size variations [8].

In the work, the possibility of utilization thermomechnaical treatment in forging
high-pressure pump crankshaft of steel 38MnSiVS6 is investigated. To take possible
advantage of the benefits offered by combination of microalloyed steel application and
utilization of heat attained after forging knowledge of actual temperature profile and
strain gradients in characteristic cross-section of the part can be expected is necessary.
For this reason numerical calculations of the whole technological cycle is needed,
which in combination of the knowledge of included in numerous literature sources,
data on precipitation kinetics form a sort of input data for controlled cooling parame-
ters. In addition to determination of temperature and strain fields, numerical modelling
was aimed at design of proper technology, which allowed elimination of costly trials
in industrial conditions, necessary especially for this part due to high sensitivity of the
geometry to fold formation.

2. Numerical modelling

The main goal of the research was determination of technological conditions for
manufacture of drop forgings of elongated shape and changing cross-section, meeting
following requirements: ultimate strength 820 MPa, yield stress 550 MPa, elongation
to fracture 12%, area reduction at fracture — 22%. Accomplishment of the goal was re-
alized for the forging of a high-pressure pump crankshaft with utilization of 38MnSiVS6
type microalloyed steel (Table) dispersion hardened with application of BY ther-
momechanical treatment.

The first part of the research depended on design of the most convenient manner to
carry out the forging, with a focus on finding the proper billet dimensions to fill up
varying in transverse dimensions die impression (Figure 1b) without excessive flash,
and proper kinematics of forging equipment. It was assumed that the process should
involve minimum forging stages, most favourable single-stage forging, and through-
out the whole length of the part length uniform degree of deformation in the cross-
section is produced. This stage of the work was based on numerical calculations of the
processes conducted on mechanical press and a forging air-steam hammer. Forging
billet preheating temperature was determined with a concern of proper initial structure
and as such, 1050 °C was assumed. The remaining boundary conditions were corre-
sponding to the conditions of the industrial tests (tool temperature 300 °C, friction
factor 0.4 (graphite based lubricant), rotation per minute 40 for 320 mm crank radius
(mechanical press). The numerical calculations were carried out with use of commer-
cial code QForm3D on the assumption of viscoplastic model of a deformed body and
rigid dies.

Table. Chemical composition of the steel used in the study (steel 38MnSiVS6)
Element C Si Mn P S \ Al
Content, %| 0.36 0.56 1.35 0.008 | 0.055 0.08 0.012
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a) b)

Fig. 1. Simulation of drop forging process of high-pressure pump shaft:
a — placement of the billet, b — end of the process

In the result of the analysis of cross-sections diagram of the rough part two diame-
ters of a billet were proposed: 50 mm and 45 mm (Figure 1a). From the material sav-
ing standpoint it was concluded that billet of diameter 45 mm is more advisable as it
ensures fill up of the impression with less material excess in a flash. The numerical
calculation showed also that the billet used is too sensitive to laps formation and un-
derfilling occurrence in the parting plane area when forged on hammer (Figure 2a). As
forging on hammer requires a few blows there is a risk of unstable billet placement in-
between. These problems did not occur in forging on mechanical press (Figure 2b).

Furthermore, which is of more significance, the process carried out on a hammer is
less effective and hard to automate and as such does not provide full consistency of
produced pieces, especially in a crucial aspect of temperature distribution prior to
controlled cooling. Because of high speed (high strain rate), in cross-sections of higher
deformation large amount of deformation heat was produced as compared to those of
bigger diameter, which led to large temperature gradients. Therefore, mechanical press
was used in the experiment.

Fig. 2. Fill up of die impression in forging the shaft:
a — forging hammer, b — mechanical press (U — underfilling, ' — fold)

In the geometry of the analysed shaft six characteristic cross-sections can be distin-
guished (Figure 3a). For these sections maps of effective strain distribution (Figure
3b) were determined, based on the results of computer simulation of part forged from
45 mm billet. It was concluded that in all of the cross-sections the character of strain
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distribution is uniform. Also variations in the level of effective strain values between
individual cross-sections were not significant. As expected, the largest values were
observed for smaller diameters and in a cross-section, maximum values were in the vi-
cinity of the flash. Through the whole length of the part, in the axis of the shaft insig-
nificant fluctuations in the level of deformation occurred. Minimum value of effective
strain in the axis of the part was 0.7 (Figure 3, cross-section E). Thus it can be
concluded, that proposed single-stage technology of forging directly from a cylindrical
billet is appropriate and should provide uniform distribution of final mechanical prop-
erties after controlled cooling.
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Fig. 3. Effective strain distribution (A—F') in characteristic cross-sections (a)
3. Results of experiments
Controlled cooling was carried out directly after forging in a special isolated as-

sembly (Figure 4), which included six cooling stations (S;—Ss). Each of the stations
was independently controlled with possibility of linear control of the intensity of
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cooling, as well as the time of subject to the action of a cooling medium, which
enables provision of unique cooling conditions for given part configuration. In order
to obtain the required temperature, estimated numerically prior to the tests, variations
in the working parameters of three first stations were applied. Eventually, two
considerable variant were obtained, resulting in temperature plots shown in Figure 5.
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Fig. 4. Scheme of the controlled cooling line, S;—Ss — cooling zones
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Fig. 5. Temperature of the part during a cooling: a,, a,, a; — variants of cooling,
O — end of forging temperature, S;—Ss — cooling zones

As mentioned, in the research a several variants were carried out, differing in cool-
ing conditions. From the obtained parts samples for mechanical testing were taken out.
Results of three of them giving the best strength and plasticity indices are presented in
Figures 6 through 8. The first two tests (curves a and b in Figure 5) gave increased
plasticity, but did not fulfill the assumptions of reaching minimum required ultimate
tensile strength (Figure 6), which called for rearrangement of settings of the cooling
stations. Therefore next attempts were made, with increased cooling intensity at
station III. Introduction of the additional cooling station with modified parameters of
the first two stations gave satisfactory results (column 3 in Figures 6—8) meeting the
requirements of minimum ultimate tensile strength (800 MPa) and tensile yield stress
(550 MPa) — reaching R,, = 820 MPa and R, = 560 MPa, respectively.
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Fig. 6. Ultimate tensile strength and tensile yield stress of forgings made of steel 38MnSiVS6
with utilization of controlled cooling

Plasticity indices — area reduction at fracture (Z) and elongation at fracture (A5)
from the first two variants significantly exceeded the required minimum (Figure 7). In
the third variant of cooling (column III, Figure 7) a slight decrease of plasticity in re-
lation to variants [ and II was observed, however, still significant surplus over the re-
quired level was attained (column Min in Figure 7).
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Fig. 7. Elongation and area reduction-at-fracture values obtained from mechanical testing of forgings
made of steel 38MnSiVS6 with utilization of controlled cooling

In order to investigate effect of strain and temperature on the uniformity of the me-
chanical properties indicated by uniform distribution of effective strain in numerical
calculation, hardness measurements in the longitudinal section of the part were made.
The measurements were carried out for two cases of cooling scheme in five points
marked with numbers 1 to 5 (Figure 8). The results indicate fluctuation throughout the
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length of the part. However, character of these fluctuations exhibit a tendency corre-
sponding to cross-sectional dimensions of individual location, which proves effect of
cooling rate, both during the filling of the cavities and final continuous cooling.
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Fig. 8. Results of hardness measurement in a lengthwise cross-section of forgings made of steel
38MnSiVS6 with utilization of BY treatment (a, b — forgings obtained from two continuous
cooling variants, 1-5 measurement locations)

4. Summary and conclusions

The presented efforts of utilization of controlled cooling directly after forging gave
satisfactory results. To ensure realization of any cooling variant settings of three cool-
ing zone were changed, starting with only two of the cooling zones. Mechanical test-
ing of the specimens derived from the obtained parts indicate significant surplus of
plasticity indices in all analysed variants of controlled cooling reaching 45 to 54%
area reduction and 17 to 21% elongation at fracture, which is approximately twice as
much as expected minimum. The high plasticity was accompanied by tensile strength
nearly reaching 800 MPa (required minimum), increased to exceed this level after in-
troducing additional cooling zone.

Prior to the experimental trials numerical modelling was carried out to estimate the
end-of-forging temperature for two kinds of equipment: forging hammer and me-
chanical press. It was concluded that mechanical press goes along the needs of a forg-
ing process with a view to apply thermomechanical treatment as it provides consis-
tency of temperature distribution and control of its level.

Owing to numerical calculation in the field of the metal flow the possibility of re-
alization of forging in single-stage operation was designed despite complex part ge-
ometry. In this respect again mechanical press offers more advantages over hammer,
preventing from flow defects formation and making it easier to control times and tem-
perature of consecutive operations due to possibility of automation.



Drop forging of HSLA steel with application of thermomechanical treatment 101

Results obtained from numerical modelling show slight fluctuations of effective
strain and insignificant temperature gradients in differing in diameter cross-sections,
which was confirmed by hardness measurement in the axis of the forged shaft on the
lengthwise cross-section. Relatively low hardness may be an advantage during final
machining of the part.

Obtained results of controlled cooling directly after forging small components of
microalloyed steel indicate the possibility of using it for more compact or larger parts.
Application of continuous cooling line with independent control of the cooling inten-
sity in individual cooling zones makes it possible to produce unique cooling condi-
tions dependent on the part geometry. From economical standpoint it offers reduction
of production time, material costs and energy consumption.
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Proces kucia matrycowego stali HSLA z zastosowaniem obrébki cieplnoplastycznej

Przedstawiono zagadnienia dotyczace procesu obrobki cieplnoplastycznej stali z mikrodo-
datkami. Zagadnienie omowiono na przyktadzie procesu kucia watu pompy wysokocisnienio-
wej. Okreslono rozktad temperatury i odksztatlcen w objgtosci odkuwki w oparciu o obliczenia
numeryczne procesu kucia. Ponadto przy pomocy modelowania numerycznego ustalono wa-
runki poprawnej technologii kucia, dzigki czemu wyeliminowano bardzo kosztowne proby
przemystowe, ktore dla tej odkuwki byly konieczne ze wzglgdu na sktonno$¢ do tworzenia za-
kué¢. Znajomo$¢ kinetyki procesow wydzielania w badanej stali w potaczeniu z uzyskanymi
rozktadami temperatury pozwolito na okre$lenie optymalnej temperatury kucia, czasu, szybko-
$ci 1 sposobu chlodzenia po kuciu. Wykonane proby przemystowe potwierdzily zasadnosé
przyjetej technologii. Badania wykazaty uzyskanie wymaganego wysokiego poziomu wtasno-
$ci wytrzymatosciowych i plastycznych odkuwki.
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Abstract: The presented work deals with the problem of the ultimate load assessment of ma-
sonry arch bridge spans including influence of various damage types. In the study various nu-
merical approaches to the ultimate load evaluation based on the structural analysis as well as
the expert tools supporting assessment of the ultimate load are proposed.

The applied techniques of the structural analysis are: kinematic method and the Finite Ele-
ment Method (FEM). The kinematic method is based on the virtual work equation formulated
for 2D system of rigid or rigid-plastic blocks representing the arch barrel and the soil backfill of
the structures. All the critical aspects of the structural behaviour are captured, like limited com-
pressive strength and negligible tensile strength of masonry, failure mode of the arch based on
4-hinge mechanism, passive pressure and live load distribution provided by the backfill.

FEM utilizes two- (2D) and three-dimensional (3D) models of masonry spans including ma-
sonry arch barrel, soil backfill and spandrel walls (in 3D models). For the arch barrel discreti-
zation an original mezomodelling technique is proposed. It consists in division of the arch into
homogenised orthotropic masonry segments (representing a group of units and joints) and into
individual homogeneous isotropic mortar joints. The technique is thoroughly compared with
other common techniques (micro- and macromodelling) by means of simple and complex 2D
and 3D cases. The proposed finite element (FE) models accommodate all the most advanced
features which are: nonlinear elastic-plastic constitutive models of masonry and soil, contact
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surfaces between soil and masonry or infinite elements representing the ground surrounding the
structure.

Both approaches (kinematic and FE method) are used in wide-ranging parametric studies
providing evaluation of the critical as well as negligible parameters of the models. The analysed
parameters are: the number of masonry segments of the arch barrel division in the longitudinal
and the transverse direction, localization and length of the live load, strength and density of the
structural materials, modification of the boundary conditions of the soil and also presence of the
spandrel walls considering various types of their connection to the arch barrel.

The proposed methods of analysis are verified by means of results of several laboratory and
field destructive as well as non-destructive load tests of full-scale masonry arch bridges.
A good agreement between calculations and experiments is found in the scope of both the
ultimate load as well as the load-displacement relationship.

Both the kinematic and the FE method are adjusted to the analysis of the structures with
various types of damage. Techniques of the damage implementation into the numerical models
are presented and methodology for evaluation of the damage influence on the structure behav-
iour is proposed. The FE models are applied to extensive parametric study considering over
1000 cases taking into account various types, location, intensity and extent of damages.

Finally the received results of the ultimate load for intact and damaged structures are used
as the knowledge base for creation of the expert tool supporting assessment of masonry arch
bridges. The expert tool is designed and implemented by means of hybrid network technology
utilising artificial neural networks and components based on mathematical functions. Details of
the expert tool technology and methodology of its training and testing as well as an exemplary
expert tool MyBriDE are presented.
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Abstract: In recent years new materials, such as aluminium alloys, new-generation of steels and
composites, have been increasingly used in the automotive industry. The use of such materials
brings substantial benefits connected with their high strength and the vehicle’s reduced weight
and fuel consumption. Unfortunately the use of these materials sometimes imposes severe re-
strictions on the welding of aluminium and steel alloys, composites and metals or on the joining
of elements with an intermediate layer between them.

The available literature does not provide any information on the dynamic deformation of
thin-walled specimens joined by clinching. In the present paper, the capacities for absorbing
kinetic energy by thin-walled specimens joined by clinching were researched. Double-hat thin-
walled specimens joined by clinching methods: round press joining (RPJ) and square press
joining (SPJ), were investigated. During the dynamic axial crushing test the behavior of thin —
wall samples were better then in static test. There are the two most important parameters of
clinching influencing on mode of deformation: technique and pitch of clinching. The experi-
ments show that the RPJ clinching and application of pitch of 25 mm are the best as regards of
mode deformation. They are deformed more progressive in both dynamic and quasi-static tests.
In spite of lower crush force in static test, more often joining separation occurs in this test than
in dynamic. The results show that clinch joining could be applied in controlled body crushing
zones.
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