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Experimental investigation into behaviour of CFRP
composite-strengthened RC beam under cyclic loading

ANDRZEJ KMITA
Wroctaw University of Technology , Wybrze Wyspiaskiego 27, 50-370 Wroctaw

This paper presents selected results of resear¢heohehaviour of an RC beam strengthened with
composite materials (CFRPs). The designed tests twepeovide data for an assessment of such rein-
forcement system’s performance under cyclicallyalde loads.

The test plan included the effect of the CFRP reggment on: beam rigidity, cracking morphology
and the interaction of the reinforcement componeiitts regard to bond uniformity in the whole struret
and the durability of the bond under cyclic loads.

The tests were carried out on two RC beams with @ngesdimensions, reinforcement and material
quality. Only one of the beams was strengtheneld @&RP, but both were subjected to the same loading
and the same quantities were measured. This &etlita quantitative and qualitative assessmertieof t
performance of the CFRP reinforcement system.

The research was carried out as part of projecedtétical and experimental investigations of load-
bearing capacity and service limit states of raicéd concrete and prestressed concrete struct(aiss’
to be used for educational purposes) in the Acteddiaboratory of the Institute of Building Enginieer
at Wroctaw University of Technology.

Keywords:CFRP composite material, cyclic loads, RC beam

1. Introduction and background

This paper presents experimental results relatirthe static-strength performance
of RC beams strengthened with composites. Sucforeement is used particularly in
cases when:

* in building structures in service there is a needhange their service conditions,
including to increase their load;

* in newly built structures whose function changegether with the loads acting
on their structural components;

* in existing structures which have been in servizariany years and whose struc-
tural components show a reduction in load-bearaqgacity as a result of the service
and the associated aggressive impact of the emagnt

Such reinforcement systems are made from variongposite materials, among
which composites based on CFRP (carbon fibre regatbplastic) are widely used [1,
2, 3,4].

Experimental tests carried out on RC beams strength with CFRPs are pre-
sented here.
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The choice of this type of reinforcement is mosligtated by the small size of the
space available for reinforcement and also by tR&R reinforcement’s excellent
strength parameters. Of major importance is alsditph resistance of such reinforce-
ment to the action of aggressive factors.

Tables 1-4 show the main parameters of the magearsad in the tests [4, 8].

Table 1. Sika CorboDur System

As the comparison of the materials’ parameters shtdwey have much better

strength and permissible deformability than coreceatd steel.

Type of . At\é?\rsziil?ee Chqracteristic Modullug Strain at Width | Thickness
strip Density strength tensile strength of elasticity| rupture mm mm
glent MPa MPa GPa %
S512 1.5 3050 > 2800 > 165 >1.7 50 1.2
Mat
SikaWrap 1.76 4100 231 >1.7 0.131
Table 2. Adhesive Sikadur 30/SikaDur-30 for strip.
Density, kg/mi 1700
(after components A+B have been mixegl)
Shrinkage, % 0.04
Glass transition temperature, °C /°K +62 / 0355
Elasticity modulus, GPa 1.28
Adherence to moist concrete, MPa 4
Adherence to dry concrete, MPa 5
Compressive strength, MPa >95
Shear strength, MPa 15
Coefficient of expansion, 1/°K 9xT(—10 — +40 °K)
Table 3. Strength characteristics of adhesive $ikeZD
Specimen Tensile strength Compressive strength Age
No. fo, fg[MP4] fes [MP4] of adhesive days
results averages results averages
1 42.2 89.8
2 65.6 104.6
3 50.2 103.3
4 58.8 53.5 106.0 103.7 15
5 51.6 107.9
6 52.7 96.0
Table 4. Adhesive for Sikadur 330 mats (wraps)
Compressive strength, [MPa] > 65
Shear strength, [MPa] >6
Adherence to concrete, [MPa] >4
Elasticity modulus, [GPa] 3.8
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This paper presents tests of RC beams strengtheitledCFRP strips and mats,
taking into account beam bending and shear strairiaad cyclicity.

The following elements distinguish the proposedeaesh from the research de-
scribed in references [1, 2, 3, 4, 7]:

— application for reinforcement both strips andsijat 4],

— research o girders [1, 4, 7],

— research on natural scale elements [1, 2, 3,4, 7

— method and range of loading, type and range afored values.

The range of planned loading was based on theceaility limit state of deflec-
tion and cracking set in a code provisions. Sadisearch will include loadings which
are characteristic for exploitation stage whichtidguish them from most of the re-
search presented in the references.

2. Object and aim of tests

The tests were carried out on two RC beams haviegsame geometry and re-
inforcement, whose concrete grade was as showmgurd=1a. Since a comparative
analysis was to be made only one of the beams (lm@ar2) was strengthened with
CFRP. The reinforcement had the form of two Sikab@dur S512 strips stuck on in
the beam’s tensioned zone and a Sika Wrap 230mtlagisupport zone.

2400 — Il stage
2000 - | stage

00 1420 P P 1420
1 wlp ! le

80, § 1 L
20, 1T 10x150=1500

L L § 1080
10x150=1500 " 120

Fig. 1a. Tested element loading configuration iamtjnal
section with CFRP mats arranged in support zone

Figures 1b and 1c show the CFRP reinforcementrsyateng the tested element’s
length.

The main aim of the tests was to compare the staéngth performance of the
two elements, particularly their behaviour in thggort zone at different strain levels
under cyclic loading [6].

The support zone, subject mainly to shear loadsbighly sensitive to overloads
and difficult to reinforce effectively. For thisason it was given special attention.

When the elements were being prepared for the, test@ral electric resistance
strain gauges were mounted on the beams’ reinfauoeistill before concreting) so
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that during loading one could evaluate the levedtddin in the reinforcing steel of the
stirrups and in the bearing reinforcement (Figue 1

|
1
]
1
1
|

0
435

:\ mats

ke e d| strips

______ ]

25,150150(50{ |25

Fig. 1b,c. Tested element loading configuratiorssreection of element without CFRP reinforcement
(beam no.1) (b), cross section of strengthenedeziemith marked strips and mats (beam no.2) (c)

extensometer =

218

—p

360
435
18
B
=
=

An exemplary arrangement of strain gauges on therete and on the mats in the
support zone is shown in Figure 1d. In the casth@fbeam strengthened with mats
(beam no. 2) strain rosettes were located on therete and on the mat on the beam’s
two sides and in the two support zones.

Y@ O

520 100] | }wod

0

|
|
|
|
L
|
|
|
|

O
O

Fig. 1d,e. Tested element loading configuratiomgdary arrangement of strain
rosettes (side A) (d), description of sides inrheaaipport zones (top view) (e)

In order to investigate the effect of CFRP reingonent on bending, the beam was
strengthened with two strips (Figures 1c and 3ar@es in the deflection of the tested
beams versus the number of cycles for differend leaels are presented further be-
low.
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The strain gauges arranged in the form of roséttéise support zone (whereby it
became possible to determine the main strain coergsrin the concrete and in the
mat) were considered to be the primary ones.

3. Test stand

The two beams were tested on the same test stastdtié scheme of the system is
shown in Figure 1. A general view of the test stendhown in Figures 4 and 5. An
Instron loading device (two 500 kN servomotors) wasunted on two steel frames
anchored in special foundation channels. The besere loaded with two concen-
trated forces via metal plates glued to the tofaserof the beams. The force was ap-
plied statically, with the load increased everyh\a Once the target value was reached,
the amplitude of load values for cyclic loading waetermined. The maximum fre-
guency of applied load was: 1 Hz and 1.5 Hz ineetpely the initial stage — stage 1
and stage 2. Once 20000 cycles were reached, ddapconfiguration was changed
by shifting loading force® by 200 mm towards the supports in order to redhee
bending moment and increase the transverse fortieeirsupport zone. The loading
histogram is shown in Figure 6.

Fig. 2. Support zone of strengthened beam no. 2 . FiBeinforcement with CFRP
strips along span of beam no. 2
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Fig. 4. View of test stand Fig. 5. Loading effectgdtwo
hydraulic servomotors

| stage ‘ Il stage

W
o
1 T

number

1000 of cycles
20000 | 20000 | 5000

Fig. 6. Loading histogram for tested elements

During the loading (as shown in the histogram)issadisplacements and crack
opening widths in the element were measured aswvisll At the first static loading
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and relief all the above quantities were measusetbbd chang@&P = 10kN (t0Ppay).
The first loading and relief is understood herdhasfirst loading cycle. Then loading
to Pnax Was executed followed by 1000 cycles with a gifrequency, relief td® = 0
and another cycle. This means that at every 108@ing cycles with an amplitude of
15kN and a given frequency static loading and freliere executed at which all the
guantities were measured.

4. Measured quantities

As the beams were subjected to loading, the foligwjuantities were measured:

—The vertical displacements of the element by mednsduction gauges with an
accuracy oft 0.01 mm.

—Unit strains in the concrete and in the steel bamseof electric resistance strain
gauges with an accuracy of 1 x40um/m).

—Unit strains in the CFRP mats and strips by medredextric resistance gauges
with an accuracy gim/m.

—Crack opening width and length along the heighthefelement. Crack morphol-
ogy was examined using a spyglass (adapted fok oening measuring) with an ac-
curacy of+ 0.01 mm. For six selected cracks dial gauges aitlaccuracy ot 0.01
mm for measuring crack opening width for differentmber of loading cycles were
mounted on a 15 mm base.

All the electronic gauges were serviced by a HgegmUPM-100 universal bridge
and the data were acquired using the Catman saftwar

5. Test results
5.1. Presentation of results

The paper presents results which characterize bmivaof the tested elements in
the range of vertical displacements, cracks mogajyobnd state of strains in support
zone. The results are presented on graphs widméhysis.

5.2. Vertical displacement (deflection)

The diagram in Figure 7 shows deflection versugl lfma the RC beam and the
beam with the CFRP reinforcement during the figest stage. The increment in perma-
nent deflection at midspan versus the number @fihgpcycles is shown in Figure 8.

In the case of the strengthened beam at loadigg &aafter 40 000 cycles the load
was gradually increased. For each successive afd@sc(according to the histogram
in Figure 6) forcd® was increased 4P = 5.0 kN untilP.x= 75 kKN was reached, i.e.
until cracks with opening width as in the nonsttheged beam (see section 5.3.) ap-
peared.
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1 cycle - with CFRP reinforcement

a[mm] | g 20000 cycles - with CFRP reirfarcement
12 - 1 cycle - without CFRP reinforcement

—&— 20000 cycles - without CFRP reinforc ement|

10 ./f T
]
: v

.
0O 5 10 15 20 25 30 35 40 45 50 55 P[KN]

Fig. 7. Midspan deflection versus loRd

a[mm]

: 5

10 i

g

6

2

24

0: ‘ —

0 5 10 15 20 25 30 35 40 45 50 55P [kN]

Fig. 7a. Midspan deflection a versus Idg& = f(P) beam no. 1

a[mm]

10

1 cycle

g - 20000 cycles |

6

41

2

0 4——

0 5 10 15 20 25 30 35 40 45 50 55P [kN]

Fig. 7b. Midspan deflection a versus Idgd = f(P) beam no. 2
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a [mm]

1
0.9

beam No 1

0.8 —m—heam No2 B
0.7
o " _ ——
0,5 }/Fl
04 > /f
1] )/
0,2 + /./'
0,14

T

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

number of loading cycles n

Fig. 8. Midspan permanent deflection incremenggus
number of loading cyclas, a= f(n)

One should note here the much smaller deflectiothefstrengthened beam in
comparison with the ordinary beam at the same lefvielading.

Considering that the two elements have the samegjep and the same amount of
reinforcement distributed in the same way, theedifice can be explained by
a change in gidity caused by the CFRP reinforcenmetite form of strips along the
span and mats in the support zone.

Using the basic relation for maximum deflectaf®]:

a=ay D% 02z, 1)

where:

ax — a coefficient dependent on bending moment Bigion, having the same
value in both cases;

M max— the maximum bending moment along the span;

B — cross-sectional rigidity at the moment wip., occurs;

a — the maximum deflection;
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le —the design spatys = 4920 mm.

The measured strengthened beam deflecagrasd nonstrengthened beam deflec-
tions a, (the rigidities are correspondingly denotedBasBy) can be written as fol-
lows:

a,= a MB— 2, (2a)
a, = ay % [z, (2b)
hence

aw/a, = By/B,, 3

and since for the considered case the deflectiomisa,/a, = 0.75, therB,, = 1.25B,,

One should bear in mind that this is simplifiedraation in which the total rigidity
is reduced to flexural rigidity. Therefore one canhneglect the effect of the mat glued
on in the support area, which reduces some ofghe deflection caused by the trans-
verse force [7, 10].

As concerns the deformations of the steel in tlebeithout CFRP reinforcement
(beam no. 1), the relationship after the two stdgB900 cycles) has a linear charac-
ter and at a crack opening widtk 0.30mm the deformations reach ~14%®/m,
which corresponds to a stress of ~290 MPa. Oneldmmte that for beam no. 2 (with
the CFRP reinforcement) this value is reacheal @20% higher load.

5.3. Crack morphology

In both elements crack morphology was examinedguaispyglass with an accu-
racy of+ 0.01 mm during the first loading while in the néaéding cycles besides
crack opening width measurement also gauges witleasurement base of 15 mm
and an accuracy of 0.01 mm were employed.

The loading level was set Bt= 50 kN (stage 1) so that crack opening widthin t
beam without CFRP reinforcement did not exceed itiomdw < 0.25 mm. Cracks
were measured at the level of the beam bearindore#ment. Exemplary graphs of
crack opening width at midspan versus load foitweebeams are shown in Figure 10.

The graph of crack opening width along beam hefighthe beam with the CFRP
reinforcement is different that the one for therbaaithout such reinforcement (Fig-
ure 11).
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a) & [Mm/m]

1400 |

1200

Ay

cycle /‘
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Fig. 9. Strains; in steel at midspan versus loRafter 45000 cycles,
& =f(P); a) beam no 1 ,b) beam no 2
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wimm]
ST T 1]

0,25 +— —e—beam No2

—=—beam Not

02 1+

N

0,15

0.1

0,05

0+
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Fig. 10. Crack opening width w versus beam IBad = f(P)

100

460

360
100-130mm

CFRP strip

Fig. 11. Beam no. 2 crack opening width at heigbt tested element

The distribution is favourable for the strengtheredm since the bearing rein-
forcement is protected from the impact of the emwinent.

5.4. Strains in beam support zone

As Figures 1d and 2 shows, strains in the suppore avere measured by strain
rosettes. The rosettes were installed in threesgestions on the left and right side of

the beam at the two support zones.
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The main aim of the tests was to determine theedegf mat-concrete interaction
for different degrees of strain in the support zand different numbers of loading cy-
cles [5, 6].

The condition that in a given point the state adiston both the concrete’s surface
and the mat's surface is the same (of course, gedvithat no crack propagates
through the point), i.eeim = &, &m= &b, Wheregn, &y — the principal (tensile) strain
in respectively the mat and the concretg, &, — the principal (compressive) strain in
respectively the mat and the concrete, was ad@asdte criterion of proper interac-
tion.

Figure 12 shows relationships between principdirssre;, & for the concrete and
the mat. One can see that in the area where theateris uncracked the interaction is
harmonious. For a point located closer to the adclrea at a load greater than 50
kN differences between the deformations of the mmiecand those of the mat are
clearly visible, mainly due to local discontinudien the concrete (Figure 12).

The angle of inclination of principal straigsrelative to axisx changes in a range
of 35° — 42, depending mainly on the stage of loading.

€1, €2 [pm/m]
80
L[]

70 gl-concrete
— ¢1-mat

60 g2-concrete
—@—¢2-mat

50 1

40 1
30 [
o ’/ﬁ\y B

10 1

-10

\ \
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 P [KN]

-20

Fig. 12. Principal straing, & for concrete and mat (beam no.2) after 45000 sycle

As strainsg;, & were being measured in the support zone alsastgain the stir-
rups located in the places of the rosettes wemghmieasured. The strains are plotted
in Figure 13. A sharp increase & occurred once loa® = 70 kN was exceeded,
which is associated with cracking in this area.
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€. [um/m]
120
110 /L—
I 1
100 —l- stirrup /
90 /
80

40 -/-\-/-/I/
30

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 P [KN]

Fig. 13. Strains in steel in stirrup located ingel@f gage rosette (Figure 12)
6. Conclusions

From the results of the tests one can draw theviatig conclusions.

1. The CFRP reinforcement significantly increasedripility of the tested struc-
ture, which means that such reinforcement can bbsidered to be a special kind of
composite construction.

2. The interaction between the reinforcement in trenfof strips and mats and the
concrete proved to be reliable throughout the whmdeiod of cyclically variable
loading effected at the limit of usability set wetpermissible crack opening width.

3. Both the strips and the mats significantly conttéal to a reduction in the width
of opening of the cracks and their dispersion alinegspan and in the zone of greatest
shear near the supports.
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Zachowanie s¢ belki zelbetowej wzmocnionej materiatami
kompozytowymi CFRP pod obcizeniem cyklicznym w badaniach eksperymentalnych

W pracy przedstawiono wybrane wyniki badaad zachowaniem sibelki zelbetowej
wzmochionej materiatami kompozytowymi CFRP. Badateiazaprojektowano jako badania
rozpoznawcze dla oceny skutecgridego systemu wzmochienia przy afeiniach o charak-
terze cyklicznie zmiennym.

W zrealizowanym programie batlaljcto takie zagadnienia jak: wplyw wzmocnienia na
sztywna¢ belek, na morfologi zarysowania i wspotpraelementéw wzmocnienia w aspekcie
réwnomierndci zespolenia w catym obszarze obiektu i trweldego zespolenia w czasie pod
cyklicznymi obcizeniami.

Badania przeprowadzono na dwdch belkaelbetowych o takich samych wymiarach, zbro-
jeniu i jakasci materiatu. Jedna z tych belek zostata wzmocniate obie zostaty poddane
jednakowemu procesowi olgenia i pomiarowi tych samych wielkd. Utatwito to ocer ja-
kosciowa i ilosciowa skutecznéci zastosowanego systemu wzmocnienia belek.

Badania przeprowadzono w ramach zadania ,Badaniatieczne i déwiadczalne standéw
granicznych nénosci i uzytkowalndci konstrukcjizelbetowych i spgzonych” (z wykorzysta-
niem do celéw dydaktycznych) w Akredytowanym Lalioraim Instytutu Budownictwa Po-
litechniki Wroctawskiej.
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Hot forming parameters research of bearing steel
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TRINECKE ZELEZARNY, a. s., Prumyslova 1000, 739-70n&c-Stare Mesto

The paper deals with an analysis of the hot forngiagameters of the bearing steel 100Cr6 according
to CSN EN ISO 683-17, performed by means of the plastem Bearing steels belong to high carbon
steels, generally alloyed by chromium, i.e. preein of carbides of type (FeGE) takes place. Uneven
distribution of carbide phases, together with isiuas, deteriorates the resulting steel qualityusTh
service properties, especially lifetime of bearjng® limited. Degradation of structure in the prctibn
process results mainly in carbide banding, carbiafgegations and carbide network. By a suitablé coo
ing rate it is possible to remove completely thebicke network after rolling; in addition, an appriape
structure for subsequent heat treatment may beaprédpMetallurgical process parameters, constiutio
and cleanliness of steel have significant influeaoeggrain size and banding of the formed steel.nijai
correctly performed control of finishing rolling ditions and final cooling have considerable infloe
on quality of rolled products. Sufficiently fastalimg after forming decreases occurrence of carhigte
work, of course with danger of arising micro- andanmo-cracks especially on weakened gamma-grains
boundaries. This contribution illustrates selectesiilts of the plastometric and metallographic stigga-
tion of deformation behaviour of high carbon stedlsyed with chromium, including bearing steel.

Keywords:deformation behaviour, bearing stedl, plastometric torsion test, plastometric simulation, carbide network
1. Introduction

In association with permanent development and upglét production of bars and
wire rod, conditions are gradually created for iempéntation of process of normalized
and thermo-mechanical rolling on a scientific bésisneans of physical/metallurgical
research. Through its thorough analysis it is fadio gain effective mathematical
models for control of technological processes nfctire controlled forming, not only
in low carbon, micro- and low-alloyed, but alschigh carbon alloyed steels.

For the physical modelling of metal forming and esimental study of structure
forming processes, for research of laws of pladgiormation and for development of
the new or optimized processes of forming of vasimaterials and products, chances
that offer special machines — plastometers maygeftdy be used.

On the universal plastometer SETARAM-VITKOVICE iniRKOVICE — Re-
search & Development we carried out physical sithwtaof the entire forming
process — heating to forming temperature, rollind aubsequent cooling. We started
from possibilities of RINECKE ZELEZARNY, a. s., a renowned producer of hot
rolled products from alloyed steels [1].
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2. Characteristics of 14109 steel

It must be admitted that bearing steels belong wétard to their use to a group of
structural steels but as far as their chemical amsition, deformation behaviour in hot
forming, heat treatment and methodology of tesisngpncerned they belong rather to
tool steels. In these steels carbides occur, ctstdri-e and Cr in which may be con-
sidered to some extent as variables dependenthwetature of arising of the carbide.
Bearing steels belong to hypereutectoid steelsywfoch a broad temperature interval
between start and end of solidification is typidalthis range enrichment of interden-
dritic areas with carbon and segregation elemeatsirs. This phenomenon occurs
similarly in tool steels. Cleanliness of steel aigtribution of carbide phases, and ho-
mogeneity and fine grain structure in general, hawgreat influence on lifetime of
antifriction bearings. Cleanliness of steel isueficed by not only a content of non-
metallic inclusions, sulphides, oxides and alumiligage globular inclusions, but also
their morphology [2].

As high carbon steels are apt to coarsening ofngraiemperatures of heating
should be in the range of 1150-1200 °C. Heatintjisotemperature should also com-
pensate heterogeneity of chemical composition #rses during solidification of
ingots and results mainly in carbide banding. Remho¥ carbide segregations in cast
ingots can be carried out only by diffusion, whidpends on temperature and dwell
time at the temperature. The heating temperaturi lba increased very much due to
quality of products; that is why the dwell timetamperature has been raised. This
may be done by homogenization as a separate apemtiby extension of heating
before subsequent forming.

Unlike homogenization of rolled bars, which are ealed only when inconvenient
carbide banding is found out, the homogenizatiareafing of ingots has been carried
out with a preventive aim. Decarburization andisgabf surface due to prolongation
of heating are not so harmful in this case. A layfescale prevents from diffusion of
carbon towards the surface and thus decreasesbdeeation; scale falls off during
forming.

Another important factor having impact on microstwal cleanliness of steel is
the reduction ratio. The total inclusions contensieel is constant but shape and dis-
tribution of inclusions change, due to stretchifglastic inclusions and crumbling of
non-plastic ones. Occurrence of carbide segregatilatreases when the reduction
ratio rises.

Not only carbide banding but also carbide netwoak cause decrease in the
lifetime of bearings. An appropriate cooling afferming can lead to elimination of
this defect and, besides, it can prepare a suiialilal structure for subsequent an-
nealing.

Production of bearing steels via continuous cashbielpngs to the most exacting
processes, particularly from the point of view odintaining segregation of carbon
and other elements in the core as low as posdiblere are principally two kinds of
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solution of this issue: installation of a finalretr (F-EMS) or soft-reduction (SR).
F-EMS has disadvantage in high investment costtlaadact that when the stirrer is
used then shrinkage porosity in the core of theticast product will arise. Most
bearing steels are produced via ingot route, atiim of the SR method made it
possible to use continuous casting with improvealiguof conticast products in their
central parts and so achievement of products vattebquality in general [1].

In industrial practice the greatest emphasis isgoutleanliness of bearing steels.
The current technology enables to produce dimen#liomccurate small bearings.
Load of such bearings is very high and they are afst to an initial rolling contact
fatigue. That is another reason why steel for Ingarhas to be very clean. By means
of ultrasound it is possible to determine quantifyinclusions in steel. An intensive
research was carried out, in accordance with remeénts of the bearing industry.
Steel plants produce successfully both hardenedcasd-hardened steels which are
able to match demands of foremost producers ofrigsar

Antifriction bearings belong to the most importanachine parts, used in a wide
product mix. Dimensions of bearings determine tlairying capacity. Size of bear-
ings is decisive for size of other components, sastshafts and bushings. In close
past demands on increase of nominal load for angsize of the bearing had been
raised, with the aim to make it possible to assersbialler parts with higher energy
efficiency and cheaper as well. Nowadays bearirge bbeen stressed more and more
and they are more inclined to crumbling if theialitolling contact fatigue occurs. It
is known that the rolling contact fatigue begin®ard non-metallic inclusions. That is
the reason why large emphasis has currently beteorpa high level of cleanliness of
steel, from viewpoint of not only oxide inclusiobat also other non-metallic inclu-
sions, such as e.g. nitrides and carbides of titar8].

In the field of bearing steels permanent develognoémew steel grades can be
visible. For example authors [4] proposed a newlgeade that is based on the con-
ventional steel 100Cr6, modified by addition ofa8d Mn, and has better resistance to
high loading and high temperature. Conditions eélproduction and forming proc-
esses remained the same.

Use of bearings in industrial conditions has becanmge and more demanding.
These more exacting applications include automatateponents and systems, mainly
gearboxes and wheels. In these cases and on tleatciavel of cleanliness of bearing
steels, crumbling of races can be caused by s@iithips), evolving due to damage
of the surface, and by local loss of the matrigragth in loading and temperatures that
are higher than usual.

Bearings used in gearboxes can be damaged by satchesar of surface, accord-
ing to size of chips and their hardness. In thesaitions stress and temperatures
surpass locally levels that are currently acceptéin steels of type 100Cr6 [4].

It results from the performed analysis that for@ase of lifetime and service prop-
erties of bearings, homogeneity and fine-grainedcttre are extraordinarily impor-
tant, of course besides of steel constitution ascleanliness. Forming carried out
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with control of structure can have a considerabipact on these parameters already
in the course of production of hot formed semifigid products.

3. Deformation behaviour of high carbon steels

The universal plastometer SETARAM-VITKOVICE [5] andrming tests of
metallic materials in hot state are used for expenital investigation of deformation
behaviour in the plastometric laboratory at VITK@®#A — Research & Development.
This testing equipment is in the current configimrauniversal one, with the ability to
perform tensile tests, compression tests, toreststor combined torsion tests with
additional tension. Wide upgrade of this experimkeguipment has taken place in
last time. Tests could be carried out without intption up to complete loss of plas-
ticity with a subsequent fracture, or with intertegh deformation and exactly defined
breaks (pauses) for a possibility of recovery eftibsted material [6, 7].

Table. Chemical composition of investigated steialsvf. %, according to the standard)

CSN W. Nr. C Si Mn Cr Mo v
0.90 0.15 0.25 1.35
14109 1.3505 1.05 0.35 0.45 1.65 B B
0.60 1.00 0.30 5.0 1.00 0.25
0.65 1.20 0.50 5.5 1.30 0.35
1.50 0.10 0.15 11.0 0.60 0.90
1.60 0.40 0.45 12.0 0.80 1.10

19569 1.2362

19573 1.2379

The basic research of deformation behaviour of @4d€aring steel was carried
out. For a basic description of deformation behawithe continuous test without
interruption has normally been used. This testlmaperformed in steels at tempera-
tures above 650 °C (the upper testing temperasrkmited only by melting of
material) and strain rates ca between*iD0 s'. An example of results from the
program for determination of maximum deformatiosisgance under various tem-
peratures and strain rates for three high-carbeel $ypes alloyed with Cr: 14109 —
1.5 % Cr, 19569 — 5 % Cr a 19573 — 11 % Cr, is shawFigure 1. Chemical
composition of steels is given in Table.

Figure 2 shows comparison of formability ling¢; in dependence on temperature
for three steels with different Cr contents. Ther@iuence has been confirmed again.
Higher Cr content leads to lower formability.

Knowledge of limiting criteria and their implementa in technological processes
of the production of hot formed semifinished andafi products from formable
materials is a prerequisite for successful contfdhot forming. Formability and de-
formation resistance belong to the most importénaracteristics of hot deformation
behaviour of steel. The bearing steel is alloyedhmpmium, which retards recrystalli-
zation; hence knowledge of deformation behavioucamditions of not only con-
tinuous but also interrupted (intermittent) defotima is very important for successful
forming.
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Fig. 1 Dependences of the maximal value of defaonaksistance on temperature
for 3 Cr steels types, for strain rate 3.63 s

It is evident from the figure that higher Cr coriténsteel markedly increases the
deformation resistances mainly at lower temperature
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Fig. 2 Formability comparison of three given steels

For evaluation of chances of thermomechanicalngltf the bearing steel an influ-
ence of intermittent forming with pauses of 10 setin the austenite region was in-
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vestigated. Nevertheless, finishing rolling wadired in a two-phase region at vari-
able temperature and constant strain and stran rat

Figure 3 presents the regime of anisothermic intéznt test (APZ) with preheat-
ing to 1180 °C/10°, followed by further 12 deformats with “inter-pauses” of 10
seconds from temperature of 1150 °C. This regirkestanto account terms of ther-
momechanical rolling in final passes. It means thatregion of thermomechanical
rolling occurs in temperature range of 815-780 °C.
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Fig. 3 14109 steel. APZ followed after heating 1802°C/10”
and after 12 deformations, then water quenching

ff;'f 2 MM L s R T U TR A T2 s

Fig. 4a The microstructure after APZ — surface dfig. 4b The microstructure after APZ — centre of
sample (x500) sample (x500)
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The results of following metallographic analysiowshthe final structure after 12
passes deformation regime as we can see in Figaresd 4b. There are presented
microstructures from surface and centre areassotmple.

4. Conclusions

The experimental research of deformation behavaoar hot formability of 14109
bearing steel was carried out with the plastomegé$ts. The performed experiments
and their evaluation by means of the proved metlogyomade possible to obtain
supporting materials on deformation behaviour & ithvestigated steel. The results
gained in such a way, as well as developed metbgglabf plastometric and metal-
lographic testing, create a good basis for gradptimization of the process technol-
ogy in production of bars and wire rod made of #tel. The way leads through plas-
tometric simulations of thermomechanical (contrjlelling.

Temperature-deformation conditions of the previfmuming influences the condi-
tions for suppression of carbide networks. Suppasef carbide network can be
reached under conditions that enable a sufficigialy transition by the critical range
of temperatures during cooling after forming, oteafheat treatment. On the other
side, excessively fast cooling can cause developafemicro- and/or macrocracks,
mainly in weakened places of gamma grain boundaries
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Ocena parametrow ksztattowania na gagco stali tfazyskowej

W artykule przedstawiono ocerparametréw odksztalcania na goo stali tazyskowej
100Cr6 przy zastosowaniu plastometrugiego. Stale toyskowe charakteryzajsic wysoka
zawartdcia wegla z dodatkiem chromu. Nierownomierne raeoie veglikéw i wtracen nie-
metalicznych pogarsza jaj@stali, co limituje widciwosci uzytkowe, gtowniezywotnas¢ to-
zysk. Obngenie jakdci struktury w procesie produkcji jest efektem wpsiwania pasm @
glikéw, segregacje oraz sigtkveglikdw na granicach ziaren. Przy zastosowaniu odgdmiej
predkosci chtodzenia mena siatk weglikbw zupetnie usust, a take uzyskéa odpowiedn
struktue do dalszej obrébki cieplnej. Najgkiszy wptyw na wielké¢ ziarna austenitu oraz pa-
sma weglikbw maj parametry metalurgiczno-technologiczne, skfad d¢bemy oraz czyst&
stali. Odpowiednie dotrzymywanie warunkéwnkowych etapow ksztattowania plastycznego
oraz chlodzenia jest zasadnicze dla uzyskania omhgowej jakdci wyrobow. Odpowiednio
dwza szybké¢ chtodzenia zmniejsza #6 weglikbw na granicach ziaren, jednak peopowo-
dowa’ powstanie mikro i makro szczelin, gldwnie na gecach austenitu.
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A large testing programme of a strip steel gradieraalloyed by vanadium, titanium and niobium,
was conducted. The experiment was based on coritninat cold rolling, recrystallization annealing,
mechanical testing, metallographic examinationdyi$iad TEM analyses. Samples in the form of stripes
with dimensions of 3.9x25x500 mm were rolled in esal passes with the total height reduction
of 5 to 75 %. Particular partial strains were rzadi at room temperature in the housingless, hyidediyl
prestressed laboratory mill. Afterwards the labamamill products were annealed in the vacuum faena
with the protective gas atmosphere consisting 8. The annealed samples underwent the tensile test
at the room temperature and the Brinell hardnessThs gained results — hardness, yield stressijléen
strength and their ratio, as well as elongation ,A8€re summarized in dependence on cold deformation
before annealing.

Keywords:HSLA steels, cold rolling, recrystallization anriagl mechanical properties, microstructure, SEMMIE

1. Introduction

A significant part of hot rolled sheets and stripssubjected to process of cold
rolling; in this process recrystallization canna fealized due to low forming tem-
peratures. Hence, during rolling structural changage to come into existence, in
which grains forming the basic matrix of the matkare gradually stretched in the di-
rection of the principal deformation and at the saime the directional arrangement
of the crystallographic lattice is developed. Se ¢ the deformation, structural and
crystallographic texture is formed. Besides changeshe grain character also
a “banding” arrangement of other structural phasesh as inclusions, carbides or
pearlitic blocks, is formed [1].

A typical feature of such deformed structure isatiopy of mechanical properties.
The directional arrangement mentioned above is Ignastdesirable with regard to
demands that are put on the cold rolled strip eeshlherefore heat treatment in the
form of annealing is integrated in the processréanoval of this phenomenon. The
chosen parameters of annealing, mainly temperandetime, have (together with
other factors to which belong total cold reductitime initial structural state of the
material, etc.) the decisive influence on the cttaraof microstructure and hence me-
chanical properties after annealing. Strength ptegseof the material decrease with
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increasing of annealing temperature whereas, orcéinérary, plastic properties in-
crease. Values of strength or hardness decreasificsigtly at temperatures close to
600 °C; the larger is the previous cold reductibe more pronounced is the men-
tioned decrease [2, 3]. Influence of cold reductibthe material before annealing on
transition of the recrystallization temperatureasmarkable as well. The higher cold
reduction of the material before annealing the lowexrystallization temperature.
However, the time needed for accomplishment ofytallization becomes very long
at low temperatures [2].

Properties of the material reflect in principle nigcrostructure. The recrystallized
grains should have an optimum size after annealhg;h ensures favourable strength
and plastic characteristics of the material.

It is good to remind that the principle of anneglaonsists not only in formation of
the optimum microstructure after rolling but alscobtaining an appropriate structure
before rolling [4] because the proper process tf oalling is mostly difficult to real-
ize without integration of intermediate annealibg,which restoration of plastic prop-
erties will occur.

2. Experiment

The initial material was in the form of pickled subf the hot rolled strip with
thickness of 3.9 mm. Chemical composition of theligd HSLA steel is presented in
Table 1.

Table 1. Chemical composition of steel (wt. %)
C Mn Si P S Al \Y Ti Nb N
0.081 1.36 0.185 0.018 0.00¢ 0.022 0.033  0.0297 670.0 0.0053

Samples in the form of stripes with dimensions 3600 mm were rolled in
several passes with the total height reduction & 35 %. Particular partial strains
were realized at room temperature in the housisglegdraulically prestressed labo-
ratory mill stand Q110 [5]. Annealing with one difrée modes mentioned below fol-
lowed. The process was carried out in a laborataguum resistance furnace in the
protective atmosphere consisting of 90 % of nitrogad 10 % of hydrogen. Parame-
ters of particular annealing modes are shown irelab

Table 2. Description of applied annealing modes

mode 1 120 °C/h /530 °C /[ 2 h /1 15 °C/h // 580FC2 h /] -=-----—--- e
mode 2 120 °C/h /1600 °C /[ 2 h /[ 15 °C/h /| 650F€H /] -------—--- e
mode 3 120°C/h // 650 °C // 2 h /I 15 °C/h /| 700CAh /I — 10 °C/h // 640 °C

They may be described in a following system: heatiate to an intermediate
dwell // temperature of the intermediate dwelirfid of the intermediate dwell // heat-
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ing rate up to the dwell // temperature of the dwetime of the dwell // rate of con-
trolled cooling // temperature for finishing of ¢oolled cooling.

The annealed samples underwent the tensile tébeabom temperature and the
Brinell hardness test (a ball of diameter 2.5 mitje gained results — hardness HB,
yield stress YS [MPa], tensile strength TS [MPa] &meir ratio, as well as elongation
A80 in %, were summarized in graphs in Figures 8rl@ependence on cold defor-
mation (i.e. relative height reduction) before aalimg —& [%]. The found out points
were plotted in a coordinate system and the cooretipg curves were constructed ,in
a manual way“, without any exact mathematical rules

3. Metallographic analysis

The samples for evaluation of structure by optimédroscopy were taken from
central parts of rolled out products (in the perpemar section, parallel with the di-
rection of rolling). The structure was evaluatezhirselected samples after annealing,
but for comparison also from the initial — non-cdieformed sample. It may be seen in
Figure 1 that structure after hot rolling was cenhsif very fine grains of ferrite (fer-
ritic grain size G = 12-13) with occurrence of pigéar Nevertheless, not all ferritic
grains were equiaxed.

Microstructures of cold deformed samples after aling may are shown in Fig-
ures 2—4. The selection of samples was based dmtwen fact that mechanical prop-
erties are essentially influenced by a characteniofostructure. The structure in the
case of all annealed modes was therefore evaldiatdte reduction values in which
significant changes of values of mechanical progemccur. In all annealing modes
the structure consists of ferrite with a low fraatiof pearlite, whose character and oc-
currence region (like the ferritic grain) dependsdeformation and selected annealing
mode.

Fig. 1. Microstructure after Fig. 2. Microstructure of samples annealed by
hot rolling mode 1 depending on previous cold deformation
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Fig. 4. Microstructure of samples annealed by mbdepending on previous cold deformation

4. SEM and TEM analysis of samples

The scanning electron microscopy (SEM) and transioniselectron microscopy
(TEM) was used for more detailed microstructurelysis and evaluation of minority
phases in the investigated steel (compare witlY])6, The primary information was
gained, the evaluating size, quantity and distidsuof precipitates for the chosen
samples annealed by mode 2. Moreover, also thalinitcrostructure after hot rolling
was evaluated, because occurrence of particlesionedtabove was anticipated also
in this case.

Presence of complex particles of carbonitride obida of niobium and titanium
was found out in the structure of the sample d&ft¢rrolling (Figure 5.).

Fig. 5. Analysis of sample with microstructure aftet rolling

These complex precipitates were observed on boigsjaand also inside of
slightly elongated ferritic grains bordered withnwmntite. Very fine MX particles,
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relatively uniformly precipitated, which arose dwgihot deformation or during cool-
ing of the rolled strip, were found out inside g<aiWith regard to solubility products
of particular carbides and nitrides of microallgyielements in austenite and ferrite it
may be assumed that fine particles are createdahyide of vanadium, in which
a smaller amount of niobium can be dissolved. Sfzhese particles reached several
tens of nanometers, at the maximum. Due to sotylufi particles of carbide of vana-
dium in ferrite and austenite, precipitation of tjes of this phase can be expected
only at temperatures below ca 900 °C, i.e. at nbhuoarolling temperatures there is
vanadium in the solid solution [8].

In Figure 6 microstructure of the sample annealednbde 2 after cold deforma-
tion of 20 % is shown. Size or shape of ferritiaigs is not significantly different as
compared to the initial state. However, globuldita of cementite particles, which
occur both on grain boundaries and inside fergtigins, came into being. The rela-
tively uniform distribution of these particles iarfite is due to cold deformation that
crumbled pearlitic colonies, present in the initisicrostructure. The subsequent an-
nealing resulted in globularization of cementitetiokes.

a) SEM

Fig. 6. Analysis of sample with microstructure afteld
deformation of 20 % and annealing in the mode 2

A large amount of fine, to a certain extent unsigetiand relatively uniformly
distributed MX particles occurs inside ferritic gra It can be presumed that these
particles are carbides of vanadium, in which niabiused to be dissolved to a lesser
extent. A mean size of these particles was sligatiger in comparison with the hot
rolled sample. Fine MX particles were precipital@chlly in lines as a result of possi-
ble precipitation on grain boundaries. Howevers thypothesis would have to be
added with investigation of thin foils. The origif these fine, to a certain extent un-
specified particles can essentially be double. @verwhelming majority of precipi-
tates was already present in the initii materidiotee deformation and annealing.
Speed of growing or coarsening of these particletnd annealing was subsequently
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accelerated by the previous cold deformation. @ndintrary, only a small share of

these precipitates could be evolved during anngatirthe case that vanadium and/or
niobium content surpassed a value of solubilityhef given elements at the used an-
nealing temperatures (600 or 650 °C).

In Figure 7 microstructure of the sample after afing with the preceding total
height reduction of 50 % is presented. Insigniftcdifferences regarding to features
of ferritic grains as well as distribution of centiem particles in comparison with the
sample with deformation of 20 % are not necessargomment. Nonetheless, more
significant differences occur in size, shape (beesticks in Figure 7b) or distribution
of fine MX particles (it is probable that carbidet vanadium contain niobium to
a lesser extent). A mean size of these precipitagsssignificantly higher and occur-
rence rate in the matrix lower in comparison with sample that underwent cold de-
formation of 20 %. Thus it is clear that the cokfaimation has a key importance — it
represents constraining force of growing and coengeof precipitates.
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Fig. 7. Analysis of sample with structure afterdcol
deformation of 50 % and annealing in the mode 2

5. Discussion of results

Annealing mode 1 (Figure 8) is featured by a sloarease of strength properties
with rising strain up to the value ef= 30 %, after reaching this value a relative steep
drop follows, which is caused by the course ofyst@llization. The plastic properties
(elongation and YS/TS ratio) were relatively lesifuenced by the previous deforma-
tion and they are worse than in case of other dimgemodes.

The trend of strength properties in case of thersg¢@nnealing mode (Figure 9) is
a little bit more complicated in comparison to fivst one because a steep fall of the
strength properties follows after a mild raise @l stress and tensile strength. In the
first annealing mode the maximum strength propertierrespond to deformation of
30 %. On the other side, in the second annealindentioe lowest strength properties
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correspond to reduction of 30 %. Development ofpfastic properties is not so com-
plicated, but the trend of elongation A80 corregfsoto development of the strength
properties.

The third annealing mode (Figure 10) exhibits tiemd of the strength properties
similar to the second annealing mode, with a diffiee that decrease in yield stress
(YS) or tensile strength (TS) is shifted towardsdo strains and it is not so steep. The
strength properties achieved by this mode of aimmgake the lowest ones and, on the
contrary, the plastic properties the best ones,twhaot surprising with regard to
a high annealing temperature.
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Fig. 10. Mechanical properties of samples anneayeaiode 3

Trends of particular curves in all graphs reflealivthe known relation between
strength and plastic properties. Formability riged vice, the versa strength properties
fall with an increasing temperature of recrystalfian annealing.

6. Conclusions

The obtained information on precipitates is conpatwith character of grains of
ferrite — see micrographs in Figure 3. A complidateurse of the curves in Figure 9,
which reflects effect of previous cold deformatimm mechanical properties of the an-
nealed strips, can be thus explained more accegptabl

By the described way it is possible to homogenirerastructure of strip and gain
a major share of equiaxed grains of ferrite, budeerage size of resulting grains is by
no means significantly smaller than that one dftgrrolling. It was confirmed that by
a suitable combination of size of previous coldodeiation and parameters of the
following recrystallization annealing it is posshio influence (with a certain inten-
tion) a complex of the mechanical properties ofipalar strips. The strength proper-
ties of material were more or less decreasing wighrising annealing temperature,
whereas plastic properties were increasing.

With regard to the fact that demands of the cla@mthe resulting mechanical prop-
erties can vary a lot, it is of course not possiblestablish a general-purpose anneal-
ing mode that would be the most suitable. Particuends of the strength and plastic
properties correspond to each other and they maytilied for optimization of heat
treatment terms of the investigated HLSA steel aold rolling mill, exactly in accor-
dance with specific requirements for the relatietwzen plastic and strength proper-
ties of the given material.



38 M. JaNOSECet al.

Acknowledgements

This work was done in the framework of solutiontibé project MSM6198910015, sup-
ported by the Ministry of Education, Youth and Spaf the Czech Republic.

References

[1] Kollerova M. et al.Valcovanige ALFA, Bratislava, 1991.

[2] Dédek V.: Tepelné zpracovani ocelovych paglcovanych za studen&NTL, Praha
1964.

[3] Prasat N. et al.Mechanical properties of cold-rolled annealed HS&tée] Journal of
Material Science, Vol. 26, No. 19, 1991, 5158.

[4] Wiesner F.Valcovani ocelovych pasza studenaSNTL, Praha/Bratislava, 1961.

[5] http:/mwww.fmmi.vsb.cz/model/

[6] Mishra (Pathak) S.K. et alnvestigations on precipitation characteristicsarhigh strength
low alloy (HSLA) steelScripta Materialia, Vol. 39, No. 2, 1998, 253.

[7] Pereloma E. V. at alStrain-induced precipitation behaviour in hot rallestrip steel
Materials Science and Engineering, Vol. 299, N&,22001, 27.

[8] Pandit A. et al.Strain induced precipitation of complex carboniggdin Nb-V and Ti-V
microalloyed stee|sScripta Materialia, Vol. 53, No. 11, 2005, 1309.

Mikrostrukura i wta $ciwosci mechaniczne wyarzanych
tasm stalowych HSLA walcowanych na zimno

Przedstawiono wyniki badamvtasciwosci taém ze stali mikrostopowych z dodatkami V, Ti
oraz Nb. Przeprowadzony eksperyment obejmowat wao@e na zimno, wsarzanie rekry-
stalizupce, badania mechaniczne oraz badania metalografitetodami SEM i TEM. Prébki
w postaci paséw blachy o wymiarach 3,9x25x500 mricoveano w temperaturze pokojowej,
w kilku przepustach z catkowitym gniotem wynasym od 5 do 75% na laboratoryjnej bez-
stojakowej walcarce konstrukcji ggonej. Odwalcowane pasma rgstie wyzarzano w pré-
niowym piecu w atmosferze gazu ochronnege . Wyzarzone probki poddano probie roz-
ciaggania w temperaturze pokojowej oraz pomiarowi twéed Brinella. Uzyskane wyniki —
twardas¢, granica plastyczrici, wytrzymald¢ na rozciganie oraz wydienie A80 zesta-
wiono na wykresach w zalrosci od odksztatcenia wzglinego. Wyniki bada metalograficz-
nych metodami SEM i TEM byty podstavdo analizy zalenosci pomidzy wiaciwosciami
mechanicznymi a mikrostruktaur Wykazano,ze zwikszanie odksztatcenia plastycznego na
zimno ogranicza sktongé do rozrostu wydzielepodczas wyarzania.
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The impact of compression with oscillatory torsion
on the structure change in copper

ANDRZEJ WRQZYNA, GRZEGORZ NIEWIELSKI, KINGA RODAK, DARIUSZ KUC,
FRANCISZEK GROSMAN, JACEK PAWLICKI
Silesian University of Technology, ul. Kraskiego 8, 40-019 Katowice

The influence of compression with oscillatory torsion the copper structure and force parameters
are presented. The compression with oscillatorgidar method, developed in the Faculty of Materials
Science and Metallurgy at the Silesian Universityfechnology, is used to achieve severe plastiordef
mation resulting in homogeneous ultrafine-graintedcsure of metals.

The deformation resistance of copper for variousionm frequency and compression rate is presented.
The results of microstructural observations by gsimM (light microscope) and TEM (Transmission
Electron Microscope) technique are displayed a$. vibke geometrical parameters of structure elements
and their misorientation angles were characterigedsing TEM method.

Application of compression with oscillatory torsiomas found to cause a remarkable decrease
of deformation resistance as compared to compmessithout torsion. Plastic flow localized in shear
bands was observed. Structures with large misatiemt occur in microbands areas. The banded steictu
formed during compression with oscillatory torsmmsists of well-formed, elongated subgrains.

Keywords:copper, compression with oscillatory torsion, ufin@-grained structure

1. Introduction

Ultrafine-grained materials (both nano- and subamietric) possess favourable
physical and mechanical properties in comparisah eenventional alloys. Ultrafine-
grained metallic materials are mainly obtained liy following severe plastic defor-
mation methods: high pressure torsion (HPT) [l]uadeghannel angular pressing
(ECAP) [2], cyclic extrusion/compression (CEC) [3he nanometric structures ob-
tained by means of these deformation methods differany aspects such as structure
refinement, homogeneity as well as mechanical dwydipal properties [4, 5].

Compression with oscillatory torsion is one of fimgymethods characterized by
controlled strain path [6]. The discovered effestg;h as force parameters modifica-
tion and structure change, imply feasibility of rhugigher effective strain than the
ones acquired by traditional forming methods [7 N8breover, there is a total lack of
information concerning the impact of the presentexthod of deformation on struc-
tural phenomena co-occurring with grain size refieat. In this article, the the inves-
tigation results of the influence of compressiothwiscillatory torsion on submicro-
metric and nanometric structure have been preseasgedbserved in copper of IME
grade.
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2. Material for the study

In the study, the cylindrical samples of electrialytopper M1E, of initial diameter
do =10 mm and initial height, =15 mm hy/d, = 1.5), have been used. Prior to
the deformation, the copper had been annealedmorhburs at the temperature of
550 °C and air-cooled. The mean grain diameter ppeoinitial state equaled 3&n.
The samples were deformed to the half of its ihlieight @h = 7.5 mm), applying
the process parameters displayed in Table 1.

Table 1. The deformation process parameters

Pos.| Torsion frequency, f[Hz]| Torsion angle, £[°] Corr:/f)[r;s::/c;? rate.
1 0 0 0.6
2 0.4 6 0.15
3 0.4 6 0.6
4 1.6 6 0.15
5 1.6 6 0.6
3. The study

3.1. Deformation resistance

On the basis of the measurements taken duringdfeerdation process, the rela-
tionship between the level of deformation resistéaspg, and true strairg, was deter-
mined (Figure 1).

0,4Hz +6°
0,6mm/s

0,4Hz +6°
0,15mnVs

1,6Hz +6°
0,15mnVs

Deformation resistance pm [MPa]
N
al
o

0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8
True strain gy,

Fig. 1. The influence of strain parameters on deéiion resistance value
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The simultaneous increase of torsion frequencyoh{f0.4 Hz to 1.6 Hz) and com-
pression rate; (from 0.15 mm/s to 0.6 mm/s) does not seem to layesignificant
impact on the deformation resistance level. Howelieth the decrease of the com-
pression rate; while maintaining the constant torsion frequeficgnd the increase of
the torsion frequenciywhile maintaining the constant compression vatesult in the
reduction of the deformation resistance. This satggéhat the force characteristics
during the compression with oscillatory torsion detgermined by the proportion of
torsion cycles to the increase in the true sté&inin a given time intervaht.

The torsion strain — compression strain ratio §lpiparameter determining the
strain pathd.), which controls structural and force effectshef tieformation. The tor-
sion strain value is determined by the followingtston amplitude ;) and torsion
frequency ). The compression strain contribution is determibg the compression
rate ;). For a given time intervalt, the relation of the strain is directly proport@n
to the increase in the torsion angher)) and inversely proportional to the increase in
the reduction in heightA(h):
dE:AaS:as[f[Atzas[f_ (1)

Ah v, [At A

For the constant torsion angle amplitude, thistia@tahip is directly proportional
to the torsion frequency and inversely proportidnghe compression rate.

3.2 Structure assessment

The investigation was performed on the longitudsegtion in the area representa-
tive for the compression process [9], which is &fbund at the half-height of the
sample at a distance 0.8 of the sample radius.stlibstructure has been tested with
JEOL 100B transmission electron microscope (TEM)hwan accelerating voltage
100 kV. The quantitative tests have been performed MOP-AMO 3 semi-auto-
matic image analyser.

The light microscope microstructure analysis hasaked that in the samples com-
pressed without and with oscillatory torsion defation bands are visible, grouped in
macrobands (Figures 2 and 3). The modificatiorha deformation technique appar-
ently has not affected the microscopic image ofdbformation or shear bands (Fig-
ure 3).

Thin foil analysis provides more information abdle structure change occurring
during compression with or without oscillatory tiors

Apart from the forming cellular dislocation micrastture (Figure 4a) and disloca-
tion bands (Figure 4b), the compression is followgdhe creation of a system of in-
tersecting dislocation bands (Figure 4c), whichvpsothat deformation has com-
menced in two slip systems.
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Fig. 2. The microstructure of copper following  Fig. 3. The microstructure of copper following
the compression without oscillatory torsion the compression with oscillatory torsion
(f=0.4 Hz,a =6° v; = 0.6 mm/s)

. Fig. 4. The substructure of the sample deformed by
., compressiony = 0.6 mm/s): a) cellular
dislocation microstructure; b) dislocation bands;
c) intersecting dislocation bands

The cellular dislocation microstructure prevails the copper compressed
atf=0.4 Hz,a=6° v, = 0.15 mm/s (Figure 5a). In other areas, bandegttsre is
formed, in which dislocation cells are frequentigible among the elongated disloca-
tion boundary systems (Figure 5b). Occasionallg,ititersection of dislocation bands
can be observed (Figure 5c¢). In addition to th&srow, largely disoriented bands ap-
pear, mainly in the cellular dislocation microsture zones (Figure 5d).
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Fig. 5. The substructure of the sample compressidoscillatory torsion f = 0.4 Hz,a = 6°,
v; = 0.15 mm/s): a) the cellular dislocation struetdr) the banded structure; c) the intersecting
dislocation bands; d) the microband in the celldigfocation microstructure zone

The qualitative assessment of the dislocation densilicates its reduction in the
cellular zone following the compression with osdifiry torsion. This suggests that the
density of the defects affects partial recoverynameenon.

Fig. 6. The recovery and recrystallization in theFig. 7. Banded structure containing elongated,
sample deformed &t= 0.4 Hz,a = 6°, well-formed subgrains{= 1.6 Hz,a = 6°,
v; = 0.6 mm/s V; = 0.15 mm/s)
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As the compression rate increasesvte 0.6 mm/s, the creation of cellular and
band microstructure or intersecting dislocationdsais accompanied by recovery and
recrystallization processes (Figure 6).

The torsion frequency rise up fo= 1.6 Hz without changing other parameters
(a=6° v=0.15 mm/s) intensifies largely disoriented miao8l formation proc-
esses. The dislocation banded structure differs fitee typical long bands character-
istic of compression: well-formed, elongated subgrare visible (Figure 7), which
confirms the presence of continuous strengtheniigraconstruction processes.

In the samples compressed with oscillatory torsibh= 1.6 Hz,a=6°,v; = 0.6
mm/s, fine elongated grain structure is presendénshear bands (Figure 8a, b).
Diffraction analysis has proved the crystalliteb&odivided by wide-angular bounda-
ries (Figures 8a, b).

The guantitative analysis indicates that their agerwidth equals 227 nm, and crys-
tallites ranging from 100 to 250 nm in width are thost frequent (Figure 8d).
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Fig. 8. The substructure of copper following théodmation atf = 1.6 Hz,a = 6°,v; = 0.6 mm/s :
a, b, c) the shear bands containing fine, elongetgtallites; d) the histogram of crystallite widt

4. The result analysis

There are notable differences between the strigtofeopper deformed by the
compression with and without oscillatory torsiohisl a result of the change in the
plastic flow mechanism from multi-system one, tgbidor the compression (Fig-
ure 4c) to shear band-located one, distinctivectompression with oscillatory torsion
(Figure 8). The application of compression with iksory torsion results in the
dominance of dislocation bands converting into gédad grain systems without the
width change (Figure 8) instead of lamellar streetiormation, typical for the com-
pression.
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The formation of shear bands, resulting from thaistiocalization, is also distinc-
tive for the compression with oscillatory torsiomhich were formed at = 1.6 Hz,
a=6° v=0.6 mm/s (Figure 8). In the sample deformedfat0.4 Hz, a = 6°,
v; = 0.6 mm/s, intensive recovery and recrystallizagwocesses have been detected.
The shear bands, transferring numerous straingbiexdtrengthening gradient, and
therefore they may constitute new grains nucleapiaces. This suggests that shear
bands, with consecutive nucleation and recrystdibn front migration, determine the
strain mechanism in the compression with oscillatorsion method and restrain the
process of new grain refinement below 150 nm.

5. Conclusions

The following conclusions have been drawn on tresbaf the conducted study:

* the strain path course has a decisive impact oddgf@mation resistance,

* the method of forming determines the propertietheinewly-formed structure,

* banded structure and cellular dislocation systamsypical for the compression,

* in the compression with oscillatory torsion, a stawe containing cellular dislo-
cation systems as well as well-formed, elongatédyisuns and grains is created,

* the application of compression with oscillatorysion initiates the strain local-
ization processes as well as recovery and recligsti#bn processes.
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Whplyw odksztatcania metod sciskania z oscylacyjnym
skrecaniem na zmiar struktury miedzi

W pracy przedstawiono wpiyvciskania z oscylacyjnym sécaniem na mikrostruktar
miedzi i zmiany parametrow sitowych procesu odKsataa. Metod $ciskania z oscylacyj-
nym skecaniem, nad ktértrwaja prace na Wydziale hynierii Materialowej i Metalurgii Po-
litechniki Slaskiej, realizuje si duze odksztatcenia plastyczne w celu uzyskania jedinep
struktury ultradrobnoziarnistej.

W pracy opisano wptyw parametréw procesu na przekiednich naciskéw jednostko-
wych oraz struktur miedzi obserwowanej metodami mikroskapiiietinej i transmisyjnej mi-
kroskopii elektronowej. Ok#&tono cechy geometryczne elementéw substruktury mtazvza-
jemmg dezorientagj.

Stwierdzono,ze zastosowanie metody niekonwencjonalnego odksatacspowodowato
spadeksrednich naciskéw jednostkowych w poréwnaniu z pataami odksztatcenia kon-
wencjonalnego. Obserwowano lokalizapfynigcia plastycznego w pasmastinania. W ob-
szarach mikropasrtinania powstata struktura oum stopniu wzajemnej dezorientacji. Po-
nadto stwierdzonoze struktura pasmowa twaiza sé w procesie niekonwencjonalnego od-
ksztalcenia ztgona jest z dobrze uksztalttowanych i wydiaych podziarn.
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Measurements of geometrical parameters of clad wise

W. KAZANA, L. CIURA
The Institute of Non-Ferrous Metals, Gliwice
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The Silesian University of Technology, Katowice

The measurements of geometrical parameters of ¢éhiid2Mn1/Cu clad wires obtained by various
deformation schemes have been presented. Analfgisametrical parameters of a wire cross-section
was made by means of a computer program for digitaje analysis. The measurements of geometrical
parameters of several sets of clad wires 0.30 mdieimeter obtained by different drawing schemesvsho
that thickness non-uniformity of an outer layer veasall, within a range specified by the ASTM F29
standard.

Keywords:clad wire, geometrical parameters
1. Introduction

The bimetallic materials exhibit specific physieald mechanical properties, which
are combination of the properties of the constitueatals and which can hardly be
obtained for monometallic materials. The researorkeshave been conducted at The
Institute of Non-Ferrous Metals in Gliwice on thleehnology for fabrication of clad
wires [1, 2] by longitudinal welding of a strip @anh base metal so as to obtain a prod-
uct 5 mm in diameter, which is then subjected toher drawing and heat treatment.
Forming of the welded bimetallic composite is cortéd using drum-type and slip
multiple drawing machines.

The clad wires composed of a core from FeNi42Midyatoated with a copper
layer have been widely applied in electronic aratteical subassemblies, particularly
as lead-in wires in light bulbs. Besides meetingcfffit requirements concerning me-
chanical and electrical properties and quality giat between base metal and a coat-
ing, it is important to ensure that the outer cogpger is distributed uniformly over
the whole surface of a base metal thus making dlcawm-proof joint with glass suffi-
ciently stable to withstand any thermal stressas itight occur within the joint. As
a measure of this uniformity the ratio between mmaxn and minimum thickness of
the coating $max/Snin) can be assumed, which according to the ASTM Ra8dard
[4] should bekept below 2.5.

In this work, examination results of geometricabgerties of the FeNi42Mn1/Cu
clad wires obtained using various deformation sa®have been presented. Analysis
of geometrical parameters of a wire cross-sectamldeen made by means of a digital
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image analysis software developed in cooperatigh thie Silesian University of Tech-
nology in Katowice [3].

2. Experimental

Tests were made with the FeNi42Mn1/Cu bimetallice®i0.30 mm in diameter,
obtained from a welded charge subjected to fornpgarious schemes differing in
a reduction per pass and in overall reduction. difa¥ge material for welding process
was copper strip 0.34 mm thick and 15 mm wide, laask metal wire of FeNi42Mn1
alloy, 4.1 mm in diameter. Welding was conductedts TIG method with the rate
3 m/min at the welding current of 40 A. The protegschemes of welded bimetallic
material are given in Tables 1-3.

Table 1. Drawing scheme No. 1

No Operation Parameters
1. Drawing —@5—@4.1 mm ps=0.377
. 650°C/3h,
2. Annealing -¢4.1 mm 506H, + 95%N,
3. Drawing —@4.1—...+40.3 mm 9s=5.23
where:ps — overall true strain.
Table 2. Drawing scheme No. 2
No. Operation Parameters
1. Drawing —@5—@4.1 mm ps=0.377
. 650°C/3h,
2 Annealing -¢4.1 mm 506H, + 95%N,
3 Drawing —@4.1—...+41.8 mm ps=1.65
. 650°C/3h,
4. Annealing —-¢1.8 mm 506H, + 9506N,
5 Drawing —¢1.8—...40.3 mm ps=3.58
Table 3. Drawing scheme No. 3
No. Operation Parameters
1. Drawing —@5—@4.1 mm ps=0.377
. 650°C/3h,
2. Annealing -¢4.1 mm 506H, + 95%N,
3. Drawing —@4.1—...«42.3 mm ps=1.16
. 650°C/3h,
4. Annealing —¢2.3mm 506H, + 95%N,
5. Drawing —@2.3—...1 mm ps=1.67
. 650°C/3h,
6. Annealing -p1 mm 506H, + 95%N,
7. Drawing —@1—...—¢0.3 mm ps=2.47
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3. Results

Exemplary microstructure images of bimetallic wisesoss-section of 0.30 mm in
diameter obtained after drawing conducted in adogrdo the schemes specified
above are shown in Figures la—1f.

Fig. 1. Exemplary microstructure images of a cresstion of bimetallic wires 0.30 mm in diameter:
a) drawing scheme No. &, = 0.1625, (set 1A), b) drawing scheme Nop/l5 0.2744, (set 1B),
c) drawing scheme No. 2, = 0.1625, (set 2A), d) drawing scheme Nop 27 0.2744, (set 2B),
e) drawing scheme No. 3, = 0.1625, (set 3A), f) drawing scheme Nopga= 0.2744, (set 3B),
(¢p — true strain per pass)

The cross-section images have been subjecteditaldigalysis using GEODRUT
software. The sheme of the clad wire’s analysedsssection is schematically shown
in Figure 2. The developed software enables:

» measurement of clad wire diameter,

* measurement of base metal wire diameter,

» measurement of coating thickneSs;, Smin,

* wire/core eccentricity measurement.

Fali

Cu

Smin

Smax

Fig. 2. Diagram of the clad wire analysed crossisec
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A sequence of images illustrating multi-stage pdoce of processing of the initial
wire cross-section image, leading to the deterranadf an outer wire contour and the

core contour, has been shown in Figure 3.

Fig. 3. Selected images obtained during multi-stageedure
of processing initial image of a wire cross-section

The values of geometrical parameters of a crossseof bimetallic wire pro-
duced by drawing according to the scheme no.¢3 at0.2744, obtained from digital
image analysis, are given in Table 4.

Table 4. Geometrical parameters of a cross-seofibimetallic wire produced

by drawing according to the scheme No. 3 0.2744 (set 3B)

Parameter Unit Minimum Maximun'L Average CF,ZTge
Wire diameter (average) pm 293 297 296 0.346
Wire diameter (min) pm 286 293 291 0.506
Wire diameter (max) um 297 303 300 0.44
Non-uniformity of wire diameter % 0.512 0.641 0.565 7.06
Core diameter (average) pm 250 252 252 0.192
Core diameter (min) pm 238 243 241 0.643
Core diameter (max) um 260 267 262 0.689
Non-uniformity of core diameter % 1.23 1.82 1.53 910
Layer thickness (average) pm 21.2 23.3 224 2.62
Layer thickness (min) pm 13.6 18.4 17 6.82
Layer thickness (max) um 25.8 29.4 27.7 3.91
Non-uniformity of a coating
(Soa/Suir) 1.48 1.96 1.63 7.34
Eccentricity wire-core pm 0 1.46 0.82 42.97
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Table 5. Geometrical parameters of bimetallic wi@ss-sections at different drawing schemes applied

Average Wire Average Core Cu layer | Cu layer | Cu layer Cu layer
Set rag diameter | core diameter | U /&Y u 1ay YAYET | thickness
wire o . o thickness| thickness| thickness S
No. . variability | diameter| variability ) variability
diameter . . (average)| (max.) (min.) .
index index index
pm % pm % pm pm pm %
1A 297 0.419 256 0.416 20.6 21.3 19.1 2.57
1B 296 0.331 255 0.489 21.2 21.9 20.5 1.53
2A 296 0.318 255 0.189 21.2 21.9 20.2 1.88
2B 294 0.350 253 0.177 21.0 21.5 20.( 1.8(
3A 297 0.118 256 0.185 21.0 214 20.5 1.23
3B 296 0.346 252 0.193 22.4 23.3 21.2 2.5

Measurements of geometrical parameters of the F2\WMi4/Cu bimetallic wires
0.30 mm in diameter have shown that an averagé&nbss of the copper layer was
ranging from 20.6 to 22.4m, whereas an average non-uniformity of the copmear
expressed by th&,,/Swin ratio was ranging from 1.39 to 1.76, so it wasohethe
maximum value specified in the ASTM F29 standard.

4. Conclusions

Computer program for digital image analysis, whoelm be used for quantitative
description of layer morphology on a cross-sectdrsingle wire or a set of clad
wires, has been developed. It enables to deterafinanaximum and minimum thick-
ness of an external layer bonded onto the base wirat is important in the qualita-
tive assessment of the clad wires. Under this wordasurements of geometric pa-
rameters of several sets of clad wires 0.30 mmiameéter, obtained by different
drawing schemes, show that thickness non-uniformftyan outer layer was small,
within a range specified by the ASTM F29 standard.
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Pomiar parametrow geometrycznych drutéw ptaszczowyt

Przedstawiono wyniki pomiaréw geometrycznych patadwe drutéw bimetalowych
FeNi42Mn1/Cu otrzymanych w procesiegmienia przy zmiennych warunkach odksztatcania.
Analiza parametrow geometrycznych na przekroju @czaym drutéw byta wykonana przy
pomocy opracowanego programu komputerowego do wgfranalizy obrazu. Wykonane po-
miary dla drutéw Grednicy 0.30 mm wykazaty niewielknierdwnomiernét grubgci zewretrz-
nej warstwy miedzi, ponej wartdci okreslonej w normie ASTM F29.
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Bearing materials obtained by diffusion bonding
of aluminium and aluminium bronze chips
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An original concept of production a bearing compo$ly the mixing and bonding of aluminium and
aluminium bronze chips through press molding, esitnu and heat treatment has been developed. Diffu-
sion bonding process of aluminium and aluminiumnzeochips leads to creation of phases typical for
Cu-Al. alloys. The phases are created in small amnduring extrusion of cold compacted mixture of-alu
minium and aluminium bronze chips and mainly dutiregit treatment applied after extrusion. This way,
without participation of metallurgical processe®gddearing materials can be manufactured

Keywords:aluminium, bonding, phases, chips, sintering ciiter

1. Introduction

Among the different production possibilities of qoosites with predetermined
properties, one of them is manufacturing compoditas waste products. During the
recycling of the waste by remelting a lot of thetahés lost as a result of oxidation,
especially in the case of aluminium and its allays] the costs of labour and energy
as well as the expenditures on environment prateathise the general cost of the
manufacturing processes. Thus the great interestbban shown in chips recycling
processes other then remelting [1].

The different ways of waste products recycling,sistng in the direct conversion
of waste into compact metal by granulation, remimgidand hot extrusion or hot
forging, where melting is eliminated, was elabadat€his kind of recycling can be
applied not only to aluminium [2-5] and its allogst also to iron, copper and, to
some extent, to cast iron [6-9].

In the metallurgical process less than 54% of thenimium and aluminium-alloy
chips is recovered. In the case of the direct cmee of the same metals chips into
compact metal by extrusion ultimately 95% of theaahis recovered [10-12].

The direct conversion of aluminium and aluminiudmalscrap into compact metal
include also a possible reduction in the funds dpemthe labour, energy and environ-
ment protection as a result of the reduced consommf ores and energy carriers,
and less degradation of the natural environmeraume of reduced air-pollution emis-
sion.

Factors that contribute significantly the bondirfgaluminium and aluminium-al-
loy chips contain: granulation degree of the aliammand aluminium-alloy chips,
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remoulding parameters, stress and strain statesnisolidation pocesses, temperature
and rate of consolidation processes, lubricatiothogeand the used lubricants. In the
case of composites with additional introduced wicihg phases the amount, form

and size of these phases are also very importanthé good bonding of granulated

chips the large plastic deformation is needed. Sudeformation can be obtained in

extrusion process with extrusion ratio, at leasTide good lubrication improves the

uniform deformation but it cannot hinder the bomdof the chips alone and with the

consolidating phase.

The direct conversion recycling process was apgieedluminium and its alloy
chips without reinforcing phases [2—4] and with fiedowing reinforcing phases:
tungsten, carbon, silicon carbide, ferro-chromiurd aluminium oxide [5, 13, 14]. On
the one hand reinforced phases decrease free mav@imdislocations and increase
the yield and the tensile strength but also in@éhs porosity and reduce these prop-
erties as well.

In recent years, researches have been aimed abigmmgdcomposite materials
based on aluminium for the manufacturing of beaifid—17]. Such composites are
conventionally produced from aluminium powders wailicon, silicon-carbide and
graphite additions [18].

The new concept of producing composite by mixing aonding of aluminium
chips with aluminium bronze chips through press ldiog and extrusion has been
developed [19]. The particle dispersion has distaifect on the kinetic of processes
[20, 21] and conditions of sintering and extrusgam be analysed using deformation
processing map [22, 23].

The main aim of the paper is to investigate thesipitly of manufacturing of
bearing materials obtained by diffusion bondingalfminium and aluminium bronze
chips, the phases created in the process and thygosite properties and usefulness of
elaborated sintering criterion.

2. Sintering criterion

The elaboration of the best method of chips rengclvas based on sintering crite-
rion. The sintering criterion is based on the ag#tions that on the bonding of parti-
cles two factors have fundamental effect that are:

* the contribution of clear surface of particles, ethare exposed during working
processes as a results of the brittle surface fageture, to whole particle surface.

« the values of normal stresses acting on the clefaice of particles to bring them
together on the atomic distance.

So the sintering criterion can be effected by thestn factors in the following
form:

dw, = f(o,,dg,), (1)
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where:

dW,— sintering indicator characterising the local gyaif particles junction,

de& — increment of largest tensile strain,

d, — compression stress normal to the directionrgielst tensile strain.

For isotropic materials there is consistence afigipal stress and strain directions
and the normal compression stressis equal to the largest principal compression
stressos,

Taking into account that the greater outspreadatie surface the lower value of
stresses is needed for good sintering, the indiadtaracterizing the local quality of
sintering of particles can be described by the peodf both factors as follows

dW, = o, de,, (2)

The good junction of the particles in the wholesidared volume take place when
sintering indicatol\; obtain the some critical valug,:

W, = j odg =C, , 3
0

For axisymetrical metal forming processes of incoespible materials component
of principal strain state; can be expresses by other component of straimstat
de, = —2de, = -2de;,, (4)

Taking into account that sintered materials, egigaiuring manufacturing, do not
keep incompressible condition, that fact was exa@dy introducing into relation (4)
the compressible coefficient
dg, = —2ade,, (5)
wherea is compressible coefficient.

Combining equations (3) with (5) the following réden is obtain:
W, = [2a0,de, =C,, (6)

0

That means that for sintering of particles the roedi unit work of largest principal
compression stress on the largest suitable displeiceis needed. For application of
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such criterion the critical value @, which secures good junction of particles has to
be known.

The paramete€,, can be determined experimentally or analyticayperimen-
tally determination of the parameter can be obthimg measuring the forces of com-
pacting by plastic deformation of particles in sokned of processes with different
degree of deformation at different temperatures strain rates. Then by using finite
element method (FEM) the components of strain sfasad stress statg are deter-
mined and plastic work of largest compression stmsthe proper displacement ac-
cording to relation (6) was calculated. The criticalue of plastic worlC; is the val-
ues on the flow stress — plastic work relationhat point of outset of plateau (Figure
1). This experimental method is very labour-consigrand strenuous. Much easier is
to apply into analysis of sintering in metal wordgiprocesses the theoretically calcu-
lated values o€, parameter.

Op

Oer

wW,=C,, W,
Fig. 1. Relation between flow stress and unit ptastirk needed to manufacturing of composite

The theoretical calculation of the parame®ris based on the assumption that
a n-fold increase of the particle surface area is ghdw fracture the brittle surface
layer and to exposure the native structure forifgirof particles. As a measure of the
deformation degree of the particle, the changdso$iirface area is taken. Assuming
the cylindrical shape of the individual particlegtdegree of the deformation can be
given by the relation

_ 2P, +O, H,

Sl At S 7
P~ 2P, +Q,H, ")

where:
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P., P; — the surface areas of the initial and final cresstions of the particle, re-
spectively,

O,, O — the peripheral lengths of the initial and fifelrticle cross sections, re-
spectively,

Ho, Hr — the initial and final heights of the partiatespectively.

In the former criterion [26] only side surface vath the surface of cross sections
perpendicular to cylindrical axis was taken inte@mt. Since the volum¥ of the
particle does not change, the following relatiooklh

which allows to rewrite (7) as follows

P ? o)
ZPZ[fJ +ov(fj
P 2P*+0OV _P “°\P °“l o

1
S —_0 - _o o] [o] - + l— S— 8
P P 2P, +QV P 2P%, + 0O,V AR, +(1- 4 R, ®
where
d? P, 0?2 VO
R =7 =-—2%-_"2° and =——_0° | 9
P d.> P, O A 2P% +VO ®)

whered,, ¢ are the initial and final substituted diametdrthe particles.
Unfortunately, the values & depends on the initial shape of the particle. Va@d
this inconvenience, the following averaged valueS, ovill be used

Sp=ﬁ{\/R>p+éJ, (10)

wherefis the coefficient equal to 0.5.

To apply the above given analysis to the whole mauof extruded ingot the
o — compressible coefficient have to be introduced equation (10), so it takes fol-
lowing form

S= aﬁ(x/ﬁ + ;] ! (11)
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whereR is the reduction of the cross section of the in§ds the ratio of the initial
surface area to the final one of the. From thaitieh of the surface expansi&uaf as

a function of the cross section reduction R (Fig2yét can be stated that the lower
compressibility of the composites the smaller defron is needed for obtaining
a good junction of the particles. For investigatddminium composite containing
15% mass fraction of reinforcing CuAI8 phase araldhuminium particle size below
2 mm, the compressible coefficiamshould be equal to 0.7.

8

IS th @ -

8]

The coefficient of the surface expansion S

0 10 20 30 40 50 B0
The reduction of the cross section R

Fig. 2. The surface expansi&uf as a function of the cross section reduckon

For a given surface expansiBnthe limit strain needed for a good junction of-pa
ticles in axisymetrical processes like extrusion ba obtained from the relation

& =Ing=InJR (12)

The value ofR appearing here can be determined from the Equétibn To do
this, the equation is transformed to the cubiclaigie equation

aR® +bR*+cR+d =0 (13)

with the coefficients = 1, b = —(S/ap)?, ¢c=2S/af andd = - 1.
It is solved in the standard way. First auxilianaqtities
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3ac- b’ b* bc d
= dq= - 14
P 9a’ andq 27a® 6a? 2a (14

are introduced and the discriminate of Equatior) {4 8alculated
D=p’+0q°. (15)

It should be noted thgt g andD depend oz =S/ af.

The Relation (11) is not a one-to-one corresponeldmtweers andR in general
but from the practical point of view the valuesz6f S/ of > Syin/ 0f =2 andR > 2
are interesting only. In this case, a one valug cbrresponds to an exactly one value
of R. Further, only such values 8fandR will be considered.

Since themp = p(2) < 0,9 =q(2 < 0 andD = D(2) < 0, the roots of Equation (13)
are given by formulas:

R(2=2r(2cos@ (2/3)- b/33
R,(2=-212cos@ I3-¢ (2)/3)- b/3a
R,(2 =-21Jcos@ /3+¢ (2)/3)- b/3a

where

r(z) = w/| p(z)| and@(2) = arcco% :

As the sought value &, the greatest root of Equation (13) is chosenckvigives

R=2r(2) cosp (z) /13— b/3a

q((;)3 _, 1 or equivalentlyg(z) - 0, as z — o rapidly enough, the fol-
r(z

lowing approximate formula is proposed

R = Rap= 2r(z)—b/3a=(21/z(z3 —6)+zz)/3: )
(2\/(S/aﬂ)((8/aﬁ)3 -6)+ (S/a,B)Z)/3

Since

The R andR,, values as a function of surface expansion arstitited on the Fig-
ure 3.
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For known stress—strain curves of aluminium contposbntaining 15 % of rein-
forcing CuAl8 phase (Figure 4) of the composite enats the calculation of critical
values of the plastic work by using relation shawfigure 2 can be performed.

C, = J' o,deg, =W,. (17)
0

[=)]
Q

(%)
Q

N
o

]
[e=]

=y
]

The reduction of the cross section R and Rap
(¥
Q

]
-

2 3 4 5 B 7 8
The coefficient of the surface expansion S/beta

Fig. 3. The cross section reductiBrandR,, as a function of the surface expans&as
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Fig. 4. True stress-true strain relation of alumimicomposite
containing 15 % of reinforcing CuAl8 phase
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The expansion of surface equal to 2 usually is ghdo obtain good bonding of
paticles that means from Figure 2 reduction abdf &nd according to Equation (11)
such reduction in area meet elongation equal thb80.By integration of Equation (17)
the critical value of unit plastic work needed fod particles bonding determined
from Figure 5 is equal to about 14%10.

18
16

14 9 iand

12 /
10 /

r'S
L 3
*
L 4

Plastic work, J/1000

8
6
L/
2
0

0 0,5 1 1,5 2 25 3 35
True strain

Fig. 5. The relation between unit plastic work ane strain

That is in good agreement with experimental resultere two values of reduction
in area during extrusion was applied: 6.25 andti®as stated that even lower values
of reduction was enough for good bonding of ingsded composite particles. It
means that sintering conditions of bearing alunmimimatrix composites manufactured
by recycling of communited aluminium and CuAlI8 aloam bronze chips deter-
mined experimentally were proper chosen.

3. Results and discussion

From Figure 6 it can be seen that diffusion in éetruded composites is very
small.

The heat treatment increases distinctly reciprddéision of elements. The typi-
cal structures at the primary boundary between imnaind reinforcing phase are
shown on the Figure 7.

The phase’s identification performed by diffractimethod in Ferrous Institute in
Gliwice shows, that during heat treatment followimgw phases were creatgg; o,
&, N, and . All the phases are typical for phases in Cu-Alil#grium diagram [25].
As a result of diffusion, the aluminium matrix afraposites was slightly enriched in
copper and CuAlI8 reinforcing phase in aluminiunoals this way the typical struc-
ture of bearing materials was obtained.
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Fig. 6. Linear distribution of elements at grairubdary before heat treatment
of composite containing 22 % of aluminium bronze

Fig. 7. Structure of composite containing 22% ohaihium bronze
after annealing in 545 °C during 7 hours

The distribution of element concentrations at tlwengnium matrix-reinforcing par-
ticle boundary after heat treatment is shown iruféd.

Composites before heat treatment are charactebizede weak bonding between
particles of matrix and matrix and reinforcing plafhe weak bonding could deterio-
rate the wear of composites, because small particdald be pull out from the surface
by collaborating sliding element. To improve thendimg the heat treatment of com-
posites after extrusion was applied.
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Fig. 8. Linear distribution of elements at grairubdary after 7 hours annealing
in 545 °C of composite containing 22 % of aluminioranze

The effect of annealing time on the mass weartidriccoefficient and temperature
of composites is shown on Figure 9.
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Fig. 9. The mass wear and friction coefficient ofmposites with coarse reinforcing particles

extruded with 16 fractional reduction as a functidmnnealing time

From the figures it can be seen that the mass @fe@mposites and friction coef-
ficient decreases with time of annealing. The dddtdecrease of friction coefficient is
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observed with increase of annealing time over 4$1duut the decrease of mass wear
in the whole applied time is nearly constant. laseeof fractional reduction has very
small effect on the wear of composites. Heat treatrhas positive effect on mechani-
cal properties of composites determined in teraslevell as in compression tests.

Hard phases obtained in elaborated process meahswitiout participation of
metallurgical processes good bearing materialdbeamanufactured.

4. Conclusions

On the base of presented investigation of manufiacficomposites from granu-
lated aluminium and CuAI8 aluminium bronze chipsas been conclude that:

* new method of manufacturing bearing composites fatuminium and alumin-
ium bronze chips without metallurgical process elaborated,

* the method contains hot extrusion of cold compaatedure of aluminium and
aluminium bronze chips and heat treatment applied extrusion,

* the diffusion bonding during extrusion of cold camfed mixture of aluminium
and aluminium bronze chips is low,

« the intensive diffusion bonding takes place dufiregt treatment applied after
extrusion and the hard phases are created,

« hard phases have positive effect on the triboldgiazperties of composites,

* to obtain the highly strengthened and compactedymtathe layer of aluminium
oxide on the surface of particles must be destrdyethrge shear plastic deforma-
tion.
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Materialy to zyskowe otrzymane poprzez dyfuzyjnegczenie
wiéréw aluminium i br gzu aluminiowego

Opracowano oryginalny sposob wytwarzania kompozytdwmateriatow tayskowych
poprzez mieszanie i dyfuzyjngckenie wiéréw aluminium i lazu aluminiowego CuAl8 obej-



66 W. CHMURA, Z. GRONOSTAJSKI

mujace prasowanie na zimno, wyciskanie naagori wyzarzanie. W wyniku dyfuzyjnega+
czenia wiérow aluminium i hezu aluminiowego powstajfazy miedzymetaliczne typowe dla
uktadu rownowagi Cu-Al. Fazy takie powstay stosunkowo matym stopniu podczas procesu
wyciskania na gaico, natomiast gléwnie twogzsie podczas obrébki cieplnej na goo, zasto-
sowanej po procesie wyciskania. Twarde fazy odgpywsiotna rof w nadaniu Wi&CiwosCi
tozyskowych wytwarzanym kompozytom. Dyfuzyjrgezenie zachodzi dopiero po rozkrusze-
niu warstewki powierzchniowej tlenkéw, co uzyskigie poprzez zastosowanie zich od-
ksztatcé postaciowych w procesie wyciskania i r@sfacej po nim obrébce cieplnej.
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Investigations of underwater FHPP
for welding steel overlap joints

ANDRZEJ AMBROZIAK, BARTLOMIEJ GUL
Institute of Production Engineering and Automati@froctaw University of Technology,
tukasiewicza 5, 50-371, Wroclaw

Friction Hydro Pillar Processing (FHPP) is one loé tmost innovative friction welding processes.
FHPP can be used under water whereby it can beogetplto repair marine structures or undersea oil
pipelines. Every new technique requires testingfartier development and in the present case ths w
made possible by the PIPETAP research project speddy the European Community. The main idea
of PIPETAP is to develop an advanced hot tappistesy for operations on undersea deep-water oil and
gas pipelines [1]. The system will also improve #afety and reduce the cost of onshore hot tapping
operations. This report presents experimental work FHPP welding system, focusing on sleeve welds.

Key words:friction welding, FHPP, welding parameters
1. Introduction

Friction Hydro Pillar Processing (FHPP) is a vepugg welding process. It was
invented and patented by The Welding Institute Whiescribes FHPP as a recently
developed technique for joining and repairing thégction materials. Conventional
thick section repair involves expensive consumabled lengthy processing, while
FHPP is a low cost rapid process offering signiftceavings in terms of operating
costs and logistics and resulting in high jointlgudZ2].

Fig. 1. Schematic illustration of FHPP
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2. Process Parameters

The key friction welding process parameters ard [5]:
* rotational speed,
» axial pressure,
e burn-off,
* the forging force,
* heating time and welding time.

Although all the parameters are important the finste will be considered here in
more detail. The description of the welding pararets based on [3, 6, 7, 9].

Rotational Speedrhe general function of rotation is to produceslative velocity
at the faying surfaces, which is necessary to Weddgieces. Its maximum value (6500
rpm) is limited by the system. The minimum speedAdPP welding depends on the
material, the geometry or the axial pressure. Ruotat speed affects the mechanical
properties of friction welded joints. The higheetiotational speed, the longer the
heating time and the lower the cooling rate. Tlans cesult in lower tensile strength
and lower hardness. Low velocity reduces the hgdtme and increases the cooling
rate, resulting in greater hardness.

Axial PressureAxial pressure needs to be high enough to haddking surfaces
in intimate contact. Another function of axial paee is to control the temperature
gradient and the drive power. Axial pressure depamdthe materials and the joint ge-
ometry. A higher pressure reduces the heat inpdtimereases the cooling rate. Me-
chanical properties such as ultimate tensile sthreagd hardness increase with axial
pressure.

Burn-Off The general function of burn-off is to fill thelle with plasticised stud
material. The magnitude of burn-off depends maarthe sample’s geometry. Burn-
off governs both rotational speed and axial pressince a proper speed and pressure
are chosen in order to achieve the desired burrntb#é proper magnitude of this pa-
rameter can be determined from mathematical cdlonka(especially for a simple ge-
ometry) or from experiments (various configuratiansluding sleeve geometry).

Forging Force At the end of the friction welding process (whemation stops)
a forging force is applied. The force has threeefieral effects on the weld. Forging
is required to break up the coarse inclusions whiere reoriented during the friction
process and to refine coarse austenite grains bwdiking as well as to reduce the
tendency to form a Widmanstatten structure whicly midect the cooling rate. The
forging force also increases ultimate tensile gitterand hardness, which means that it
should be properly applied.

3. Advantages and Limitations of FHPP

The most important advantages and limitations dPPHre presented below.
Advantages:
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* FHPP is suitable for welding many dissimilar metainbinations that are diffi-
cult or even impossible to weld by other weldingqasses.

* No filler metal, flux or shielding gas is needecdhe friction process.

» The process is safe for divers — there is no radiatumes, arcs, sparks or high-
voltage electric hazard.

* In the solid state process melting-solidificaticfetts do not occur.

» The process is easily automated for mass produatidrthe costs are lower.

» Welds are made faster than in other welding presess

Limitations:

» Generally, one workpiece must have an axis of symnasad be capable of being
rotated about this axis.

* Dry bearing and nonforgeable materials cannot dege

* The cost of equipment and tools is very high.

* FHPP welding has also geometry limitations conceyniior example, the stud di-
ameter or length.

4. Experimental investigation
4.1. Material

The material used for all the welding experimenés Wow-alloy construction steel
S355 (according to German standard DIN EN 10028)s $teel is widely used for
offshore construction, pipelines and in the marndstry. Tables 1 and 2 present its
chemical composition and mechanical propertieseMRigure 2a,b shows its structure.

Table 1. Chemical composition of base material -532% values in weight percentage)

C| Si| Mn| P S| Al Cy Mg Nj C Vi B Sp g
Manufac- | o o o o ~ < o o o o o o~
, Te} Te) (] - o ™ (] o (] N~ AN —
turer's — N 9] o o o 3 =) o o o <
Certificate o o — o o o o o o o o o
Chemical | R |8 | R |2 |8 |8|&8|S|3|23|8]8 0
. — 1%} ™ o S o N o o o S S <
Analysis | s | o | d || o | S |oco| oo | |oc| ol o =}
Table 2. Mechanical properties of base materia855S
Tensile Yield . Charpy Impact Valués
Strength | Strength Elongatiort [J]
[MPa] [MPa] [%0] +20°C| 0°C| -20°C| -40°Q
Manufacturer's | g, 363 27 - - -
Certificate
Own Test Resultg 565 335 23 - 6|/ 57| —

1 Mean values for at least three specimens
2 Mean values for at least five specimens
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Fig. 2. Microstructure of base material — S355
4.2. Welding System

The machine used for the welding experiments washMs8 3000 manufactured by
Circle Technical Services. Figure 3 shows the wegdiead which is fixed in a special
tank simulating sea conditions. The HMS 3000 isydr&ulically powered friction
welding machine, fully programmable (rotational egp@nd weld pressure) during the
process. The machine is also under full contrak cbmputer system and all the data
are saved in real time in the computer during wejdiThe system consists of four
major components: a hydraulic power unit, a valleek a control system and a weld-
ing head.

Fig. 3. System for underwater friction welding
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In the configuration used, the HPU’s pump is driv®na 50 kW electric motor
supplying up to 115 difmm at 315 bar. The maximum oil pressure is cowiiisly
adjusted while the pump automatically adjusts tbev.f Depending on the required
weld head power the oil pressure may be lower thanset maximum. During idle
running the pressure drops to a value just enoagivércome the flow resistance in
the system.

5. Results and Discussion

The general aim of the experiments was to deterrfieemaximum diameter of
a stud to be used in FHPP welding and to optinfizentelding parameters for the cur-
rent system. The first task was to be carried outdur different geometries. The sec-
ond task depended mainly on the result of the tasit because if some configurations
are not weldable (system limits), the process patera cannot be optimized.

Experimental Procedures

Four geometries were tested. The material usedHinRF~welding had been ma-
chined from steel S355. A parameter matrix wastecetor every geometry on the ba-
sis of A. Meyer’'s work [8]. The basic welding parter matrix shown in Figure 4
was helpful in this.

SNONONO
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E
T vAy¢
= 5000 {ﬂ,& Q\f}
v
=
=

4000 @ @ @

2109 2812 35,15 "

Axial pressure [bar]

Fig. 4. Basic welding parameter matrix

The general idea of the matrix was to find the bekitions between rotational
speed and axial pressure. Welds were producededpettis of the parameter matrix to
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determine proper welding parameters. In order &ater a welding parameter matrix
one must select a point on the diagram, correspgndi an axial pressure and a rota-
tional speed. Such a point was selected on the basixperiments carried out on dif-
ferent base materials in GKSS-Forschungszentrum A8glitional points were se-
lected near the first point in every direction bewsn in Figure 4. All the combinations
were tested in experiments.

The friction hydro pillar process depends on thelsind plate geometry. In this
study only a cylindrical stud and cylindrical holesre tested for four diameters.
An important parameter for FHPP welding is burn-tiflepends on the geometry and
can be estimated from the following equation:

d2
B:115[Edszjmh
h

where:

B — burn-off [mm],

ds — the diameter of the stud [mm],

dn— the diameter of the hole [mm],

H,— the depth of the hole [mm],

The welding data monitored during the friction @ss were helpful in this regard.
All the data were saved in DRS (Data Recording Syt Before each test the speci-
mens were named and cleaned in acetone to remgvaraesirable effects. Finally
the specimens were prepared for visual and haregnessinations in accordance with
the relevant preparation standards.

Parameter Optimization for Single FHPP Welds

This paper presents only some results from singlBFFexperiments. The full list
of the investigated welding parameters can be foafichble 6-1 in [10]. The table in-
cludes more than 30 different welds. Significarsutss are presented in more detail
below:

PT4-B10. A cylindrical geometry with a 12 mm studrdeter. This weld was pro-
duced underwater at water temperature 20 °C. The results are in the form of:
a macrograph, hardness graphs and a welding diagdanthis basis the parameters
were optimized for the geometry variants showrhetable below.

Figure 5a,b,c shows the cross section of a welgedimen and two hardness dia-
grams. The weld was produced in water conditior®ming to the above table of
optimised welding parameters. The macrostructuevshthe different areas in the
welded sample:

» The base material — a normal pearlite-ferrite $tmecfor low-alloy steel (S355).
According to the hardness graphs, hardness imejisn is around 180 HV10.

» The heat affected zone — the size of HAZ dependalynan the heat input and
the cooling rate. The macrostrcture shows thastbe of HAZ is increasing towards
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the top of the plate, which is normal for FHPP virdd The hardness survey diagrams
show the different dimensions of HAZ, i.e. 2.5 mon the weld’s lower part and 1.0
mm larger for its upper part.

* The weld metal — this area has a hardness of &&WuHV10, which means that
probably a martensitic or Widmanstatten structwaucs here.

a)
fg:z:ue Burn-off Rotational
P [mm] speed [rpm]
[bar]
14.06 20 5000
14.06 Hold for3 s
b) c)
Horizontal Pass Horizontal Pass
2 [mm] from top of baseplate 23 [mm] from top of baseplate
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5 WP {g ]
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Fig. 5. Macrograph and hardness survey of singlefF-weld PT4-B10

Figure 6 shows parameter changes during the FHRdngeprocess. The graphs
illustrate the three parameters which can be cletkon the welding process. The
diagram shows normal parameter variation during##HEP process. Axial pressure is
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constant and burn-off steadily increases over wgldime.

changes sharply due to welding system problems.
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Fig. 6. Welding parameters diagram for weld PT4-B10

Table 3. Optimised welding parameter window fomif stud diameter

Axial pressure Rotational speed Burn-off
[bar] [rpm] [mm]
21.09 6000 20
21.09 hold for 3 s

Axial pressure Rotational speed Burn-off
[bar] [rpm] [mm]
21.09 5000 20
21.09 hold for 3 s

Table 4. Optimised

welding parameter window fomira stud diameter

Axial pressure Rotational speed Burn-off
[bar] [rpm] [mm]
14.06 6000 20
14.06 hold for 3 s

Axial pressure Rotational speed Burn-off
[bar] [rpm] [mm]
14.06 5000 20
14.06 hold for 3 s
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The results from this part of the research provideh information such as:

* All the experiments carried out within this projagbgrade the knowledge of
FHPP welding.

* So far sufficient weld quality can be produced dialy stud diameters 10 and 12
mm for material S355 (hole depth — 25 mm). At thement, other geometries are ei-
ther not weldable or the weld quality is too pdBut in the future system modifica-
tions may allow one to obtain welds of satisfactpuglity for other geometries.

» The systematic welding parameter investigationslted in optimised parameter
windows as shown in table 3 for a stud diametelrfGoimm and in table 4 for a stud di-
ameter of 12 mm.

6. Conclusion

From the experiments presented in this paper onadcav the following conclu-
sions.

Good quality of bonding has been demonstrated iRFFitials only for 10 and 12
mm stud diameters. A welding parameter window, Bssgnted above, was deter-
mined for the two stud diameters. Also the weldeecénen’s cross section and hard-
ness diagrams attest to the good quality of thel wedr the larger stud sizes some de-
fects occurred in the weld. The welding system sesine modifications in order to
produce good quality welds for a stud diameterdatan 12 mm.

Because of the confines of this paper only a mawrcsire and a hardness survey
(no mechanical test results or more detailed minrotural analyses) have been pre-
sented. At first calibration system and crack peold were encountered but their so-
lution contributed to better understanding of thecpss. Friction stitch welding trials
for an underwater overlap joint configuration viaé carried out in the future.

Microstructure examinations under a microscope aleek martensitic structure in
the weld metal near the bonding line. The hardioésgp to 430 HV10 measured in
this area improves the martensitic structure. Hselts of this research provide a good
basis for the next steps in the PipeTap Projectfanduture industrial applications.
FHPP and sleeve welding are an attractive altemmati the traditional fusion welding
processes.
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Badania podwodnego zgrzewania tarciowego metad-HPP
stalowych zhczy zakladkowych

Friction Hydro Pillar Processing (FHPP) jest jednnajnowoczéniejszych metod zgrze-
wania tarciowego opatentowaprzez TWI. Metoda ta shy¢ miata pocatkowo gtéwnie do
naprawy wad materialowych, ale okazalg g€ mazna z powodzeniem zastosawja takze do
taczenia elementéw o skomplikowanej konstrukcji. @zegvaniu metog FHPP méwimy w
przypadku, gdy mamy do wykonania sppmtworows. Tak, wic proces ten zwykle jest po-
przedzony wywierceniem otworu w wadliwym fragmenoiateriatu. Zgrzeina FHPP otrzy-
mywana jest dzki wprowadzeniu trzpienia w ruch obrotowy, a rasie przylgeniu odpo-
wiedniego docisku osiowego w celu wytworzenia mechadw tarcia pongidzy powierzch-
niami. W artykule przedstawiono badania w ramadjghtu PIPE TAP [1], nhad doborem pa-
rametrow zgrzewania stalowychaety zaktadkowych (mdkos¢ obrotowa, nacisk). Stwier-
dzono maliwos$¢ wykonywania ziczy zakladkowych ze stali S355 w wodzie, pegdnicy
trzpienia 101 12 mm.
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Reciprocal theorem for the elastic-damage problemfo
mechanics and its application in the damage distriltion
estimation from displacement measurements

ZBIGNIEW PERKOWSKI
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The reciprocal theorem of mechanical problems foelastic and brittle damaged medium is formu-
lated under the assumption that the damage evoluatay be described by the scalar parameter. Because
of the physical non-linearity of problem the theuris introduced in an incremental version. Nexwasy
of the damage detection in bar systems from disph@nt measurements is proposed on the basis of the
theorem. Finally, possibilities of the approachserged are illustrated by the computational exarapte
laboratory experiment.

Keywords:reciprocity theorem, damage detection, elastictleritnaterial

1. Introduction

Continuum damage mechanics (CDM) and its stormeldgwnent during two last
decades of the previous century made possible malogions in the analysis of dam-
age processes — especially in predicting of dame&gtution in different kinds of en-
gineering materials. The power of this scientiioltmay be also used for the damage
detection in engineering structures and the maindithis article is a presentation of
one of possibilities which may be offered by CDMtlis matter. The damage detec-
tion in structures is a specific inverse problememgha location of damage is deter-
mined for instance from measurements of free vimafrequencies, mode shapes,
displacements, temperature (for example see [4, 8, 10, 11]). However, damage is
often considered in many approaches to its deteetsoa specific inclusion of differ-
ent properties than the rest of homogeneous medmyimecause of the numerical for-
mulation, is treated as a discrete problem. In edsn damage in the tested structures
is not sharply formed like macro-cracks, voids|usions etc. the concepts of CDM
are much more accurate and needed. Then we find spécific distribution of inclu-
sions simulating damage but a continuous functiestdbing micro-damage in whole
medium.

Building of such a task, among other things, issgme owing to the specific for-
mulation of the reciprocal theorem for the problefrmechanics considered. That is
why, first, one will present a general formulatiohthe reciprocity theorem for an
elastic medium with brittle micro-damage [3, 4]. A&xample of particular application
of the reciprocal theorem in the damage detectiom fdisplacement measurements
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for a plane bar system will be presented in thems@gart of article. The approach
shown in the work may be a complement for the mgstiamage detecting methods
mentioned earlier.

Considerations in the work will be conducted urttherfollowing assumptions:

» Damage in a medium is assumed as a continuous(&d&huately to the assump-
tions and methods of CDM, for example see [5, @8alibed by the dimensionless
scalar damage parametef][0,1), which is equal to zero for material in thiegin
state and tends to one at the moment of failudepends on variables of a thermody-
namic process considered, for exampdes w(g,...), wheree is strain tensor.

* The medium in the virgin state is assumed to belastic one with a known
initial stiffness described by the symmetric tensiorank fourk,.

« Stiffness of the damaged medium, described byyhergtric tensor of rank four
E, is reduced accordingly a value of the damagenpetex up to the pattefh= (1-wE,.

In spite of the fact, that the assumptions spetifibove introduce the physical
non-linearity in the relation between stresses sindins, the reciprocity theorem,
which is formulated in mechanics formally only forear problems owing to the sym-
metry of stiffness tensd, may be obtained for the presented problem omyitbends
of the third assumption. Then the symmetry of tefiSegan be analysed only for the
sake of the initial stiffness tensig separated fronk. It should be also mentioned
that the first assumption — use of the scalar denpagameter — introduces a consider-
able simplification because it takes into accounty the averaging isotropic influence
of the damage on the medium stiffness (for exarepte[2]). It makes possible to ne-
glect the anisotropic effects in the material sgfs change caused by the evolution of
micro-cracks oriented perpendicularly to princifelisile stresses. To avoid the prob-
lems connected with the analysis of physical noedrity appearing in questions of
application, the problem of mechanics will be fotated in an incremental version.

2. Formulation of the reciprocal theorem for the problem

Let us consider the continuous deformable mediusupyging an ared/ in the
spaceR’ restricted by a surfack and fixed on a surfac&,(JA. The medium stiffness
is described according to the assumptions spedifigdbe introduction. The medium
was subjected to a mechanical load and mass fdngehweaused in it a state of dis-
placements, strains and stresses described reghetly a vectou, and tensors, and
0o. Next, the medium was again subjected to a knmad increment on a surfaée
= A\A, and to a known mass force increment in the &reascribed respectively by
vectorsdP and4F. Then unknowns of the problem are increments gffldcements,
strains and stresses produced in such a way iard@/. They are described respec-
tively by a vectordu, tensorsde and4o, and may be determined, after the lineariza-
tion of the problem, from the following system ajuations (the equation of internal
equilibrium, the geometrical equation and the pdaistquation in the incremental ver-
sions):
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divAe +AF =0, (1)
20¢ = gradAu + gradAu’ ,  2g, = gradu, + gradAug , (2)
Ao ='E(e = 2,): e, 'E = (1- 'afe = &,))Es 3)

where'f (x = a) is tangent of a functiori at a value of its argumert= a, 0 is a zero
vector.

Fig. 1. Medium in two different states of load atainage

The tangent of damage parameter is graphicallygreéed on the Figure 2 in the
case of uniaxial compression. It should be mentadheat, the damage parameter tan-
gent has different values at the same stress #aling and unloading process. That is
why, to interpret properly the tangent of paramete&s a damage measure, we should
know the initial medium stiffness and if the loaglior unloading process proceeds.

The damage measure is determined on the basisrafg#aevolution equation and,
because of the thermodynamic limitations of thecpss [2, 9], if the self-regeneration
of material structure does not proceed (for exandpleng hydration in young con-
crete [12]), has to be not diminishing. For ins&nc

Aw=Adle,..), Ae=0. ()

The system of Equations (1-3) has to be complegatebfollowing boundary con-
ditions.

As(x) n(x)=AP(x), xOA,, (5)
Au(x)=1(x), xOA,, (6)

where: A, 0 A, = A, A, n A, =0, T(x) is a known vector function.
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Now, let us derive a formula of the reciprocal ttezo for the problem stated [3, 4].
Let us consider two different states of the meddescribed by two sets of field incre-
ments which satisfy the Equations (1-4) and thendaty conditions (5-6):

Set1l:  Au,AeAc,AF,AP;'E = (1-'w)E,, (7)
Set2:  AQ,AZ06,0F,0P; 'E = (1-Q)E,. (8)

This situation causes that damage in the mediugiven for each of the states by
the different damage parametera-and .

v

f. — compressive strength of
material
E, — initial qurFl)g’s modulus

tangent stiffness during

unloadinc
a\ (1—ta)Eo

sy T p
tangent stiffness durin
loadinc

Fig. 2. Interpretation of the tangent of damagepmaterwfor an elastic-brittle material
in the case of uniaxial compression during loading unloading

Then, taking into account the symmetry of tenBgrand the following identity
E,:Ae:Ag =E,:Ag:Ae we can obtain on the basis of Equation (3) a |émah of

the reciprocal theorem
Ao :AE —A6:Ae + 'WE,:Ae:Ag - 'WE,:As:Ae =0, 9)
and next in a global form as follows

[ (aP @a - 2P u)dA+ [ (oF T2 - AF () dv =
\Y

A

) X (10)
=- REAS -t oAt Ag .

j(th Ae: AR - 'QOE A 'A)dV

\



Reciprocal theorem for the elastic-damage problémechanics 81

It is worth to mention that the general identit@) Will be classical Betti's recipro-

cal theorem if the damage parametepsand ‘@ are equal to zero. If they are not, the
right side of the Relation (10) will express theipgocal work change of forces ap-
plied to the medium due to the damage evolutioms] for example assuming there is
no damage in the first set of fields we can obtaformation how much the reciprocal
work differs in the damaged and not damaged meditmat is why, such a form of
the theorem can be a basis of the damage estin@tidetection for engineering struc-
tures what will be shown in the example of staljcdketerminate plane bar systems in
the further part of elaboration.

3. Damage estimation in plane bar systems with a usé the theorem

The reciprocal theorem (10), in the case of plaaresgstems which we assume for:
AF =AF =0, '©=0, ta{F = const, will have a form

~ t y r N
[(aP 20 -aPau)as+ [ AMAM | ATAT, ANAN |40, (11)
) 10| Rl GF  EfF
where:

L — variable describing centre lines of bars;
AM, AT, AN — bending momentum, shear and axial force incresnesnised byP
in the system damaged;

AM, AT, AN — bending momentum, shear force and axial forceeinents caused

by 4Pin the system not damaged:;

Eo, Go— initial Young's modulus and shear modulus;

F, | —area and moment of inertia of bar cross-section;

k — coefficient dependent on the shape of bar csestion.

Let us consider a use of the relation (11) for gmheination of damage parameter
distribution in a statically determinate exampléere L ={ x: x0[0,1]}. We will ap-

proximate a functiorz="aJ/(1-«) by the firstm summands of the Fourier series, ex-

tended in the rangen[-1,1] as an uneven function
'w & (i
= = b — . 12
z i E ,sm( I ] (12)

We will also assume that the functiawill satisfy the Dirichlet conditions in the
range considered. When we write the Relation (Aking into consideration the series
(12) for m different sets of loads, displacements and intdioraes increments which
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are known, we will obtain a linear system of equadi where coefficients of the series
(by, by,..., by) are unknowns. That means

B=A"'C, (13)
where:
J.( AP()mU(i))dS,
L
jsm(’ j [ +k AT AT, ANy AN )] ds=0 (14)
G,F E,F

Solving such a system we determine the coefficiehteries (12) and thus the ap-
proximation of damage distribution in the range
In the relation above the symbalP; denotes a vector of functions describing

i-load of the system damaged, which causes dispusnand internal forces incre-
ments described respectively by the symbdasy,AM), ATj),ANj). On the other
hand the symboAﬁ(i) denotes a vector of functions describidgad of the system not
damaged, which causes displacements and internaésfancrements described re-
spectively by the symbolgsdi;y, AM ), AT, AN).

It should be mentioned that the system of Equat{@B83% is determined in the case
the pair of loads -APj;) and Aﬁ’(i) — does not repeat itself for anylt results from this

that a use of the approach of damage detectiormes can be simplified considera-
bly in the range of experimental measurements. lBexave can apply a loagP and
measure accompanying displacemeants in the real damaged system and calculate
internal forces incrementaMm, 4T, AN only once. On the other hand, in the reference

not-damaged system of material parameffgrandG, we can apply differentiP and
calculate Al), AM() AT() AN() required amount ofn times without any essential
difficulties. Then

AP(i) :AP, AU(i) :AU, AM(i) =AM , AT(i) =AT, AN(i) =AN -
e =—I(AP ) - AP Bu)ds,
L
=fsin(jmj A0 i 720 SO0 | gs=o, (15)
1 | E,l G,F E,F
ij=212,...m
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4. Analytical example

A beam four-point bent, as shown on the Figurenge analysed as an illustrative
example for the method proposed. The damage diitsibwas calculated foxD[O,I]
in the middle bay of beam. In accordance with thelperm — the amount of sum-
mands of Fourier series (12) used in the analysis erder to solve the system of
Equations (13) one calculated displacements ofotramy; (i = 1, 2,...,m) in the
points of coordinates

N=——, i=12,....m. 16
)= g =L (16)
Bending rigidity:
y (1~ @)yl
— Eol,ta: 0
lAP 0 AP
a) __--""""" Vir =~ ~ - X
C _---"" AT i = B "---.D
[ 0.37 %‘9@ ()0 54
‘ c | c ‘
AP ¢ —APc

) e T T T ()

y Bending rigidity:
— EO|’ta:O
Yoy - Xo AP o)
0) C(l)\[ . i - |/ «
C AT - H--" =B D
- e

Fig. 3. Analytical example: a), b) scheme of themdged beam with diagrams of internal forces;
c),d) scheme of the not damaged beam with diagodriméernal forces
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Next one applied a concentrated force to a not-dachdoeam of the same sizes
like the first one in the points as determinechia telation (16). One obtained this way
m different schemes of load as shown on the FigaereChe determined simultane-
ously displacements of the free ends of beam inptiiats where the not-damaged
beam is loaded -y in the left end andj, in the right end. For so formulated

schemes of loads, the components of system (133 fiain

B =b, C =AP )A/C(i) + AP 9D(i) YN Y(i)

I : 7
e[ AM AM (i)
A; —J(;sm(—j E—Oldx' a7
i,j=12,...m
a) z : exact

o8- section with of damage |
A i

* 6 ¢ notdamaged|
04 ‘/14sections 1

0 6 b

[ tw:| B damagedT_? distribution

0 01 02 03 04 05 06 07 08 09 1 X[l] 0 01 02 03 04 05 06 07 08 09 1X[|]

0 01 02 03 04 05 06 07 08 09 1 X[l] 0 01 02 03 04 05 06 07 08 09 1 )([l]
e) 1. f) 1.
z m=101 z — m= 501
3 ]
tw tw
1=t | 0® 1=t | 08
0.6 0.6
0.4 0.4
0.9 0.9
0 v 0
0 01 02 03 04 05 06 07 08 05 1 X[l] 0 01 02 03 04 05 06 07 08 05 1 X[l]

Fig. 4. Diagrams of the damage distribution innfiddle bay of beam: a) the exact one
b), ¢), d), e), f) approximated with a help of thactionz ='a/(1-'«) respectively fom= 3,
m=7,m=11,m= 101 andn= 501
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The matrix Equation (13) with components determibgdhe relations above was
solved with a use of own program written in the Ilatenvironment. In the conse-
guence of calculations for different numbers of swands in the Fourier series (12),
thatism=3,m=7,m=11,m= 101 andn= 501, one obtained different approxima-
tions of the damage distribution realised by thecfion z with accuracy increasing
with a rise of the numben, what is shown by the diagrams on the Figure 4y \4e-
curate approximations fon= 101 andn= 501 are presented only to illustrate a sense
of the method because related to this making ofsdmae number of displacement
measurements with required accuracy is practicatlpossible in real conditions.
However satisfactory information about the damaigridution can be obtained al-
ready for 3 displacement measurements (for exasgseFigure 3b), what was tested
also in own laboratory experiment discussed imigd point.

5. Experiment

Within a framework of the experiment one measuiiegldcements of middle bays
of three four-point bent aluminium laboratory-beaofighe static scheme shown on
the Figure 5a. Two of the rods had been groundmthe segments AB in order to re-
duce their bending rigidity respectively by 10% &@%6. That weakening in the seg-
ments AB simulated damage so as to the damage pdmwas for them equal to
0.1 or 0.2. The displacements obtained were a lohsissessment for possibilities of
a use of the Relations (13) and (17) in order tonege a damage distribution for rods
bent purely. The displacements were measured osetipment 0—4 and in order to es-
timate the damage on this segment, a substitutie sitheme was used which was
shortened by the segments A-0 and 4-B in comparigtnthe real rod (Figure 5b).
That made possible to avoid an influence of théudisince in the uniaxial state of
stress in the segments at the supports on reduttdaulations, which were based on
the Relations (17). Taking of these segments intm@nt could undermine a correct-
ness of the considerations formulated for rods Ipemely. All the dimensions were
fixed so as to the substitute static scheme cooreggrl with this shown on the Figure
2a in order to carry out a comparative analysishefcalculations based on the dis-
placements of beams obtained theoretically andrenpatally. The displacements of
beam not damaged were also used for a determinatidfoung’s modulus of alu-
minium alloy which the specimens had been made.from

The displacements of segments 0-1, 1-2, 2-3, 3awslon the scheme were meas-
ured with a help of the digital photos taken befarel after loading of the beams.
Mutual displacements of the segments were exangaet time in ten points chosen
along the height at the ends of segments. Finaltsewere calculated as an arithmetic
mean of them. A resolution of photos used in theeement made possible obtaining
of the pictures with pixels which correspondediie @bout 0.015%0.015nn]. Sizes
and loads of three aluminium beams used in therawpat, which meaning is illus-
trated on the Figure 5, were matched as folldwsi5.3 pm], c = 12.5 tm|, b= 3.01
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[cm], h=0.51 pm], AP =29.27 N]. The particular rods differed from each otheryonl

in sizeby, which was equal respectively tm: 0.9, 0.8&. The displacement measure-
ments of the rods for the points 1, 2, 3, that regap Y, Y, are put together in the
Table with those calculated theoretically. The ispmenty, for the rod without the
weakening was equal to 0.44@r1, what enabled to calculate that the rods had been
made from aluminium alloy of Young's modulus 71.&3Pd. Next basing on the
Relations (13) and (17) one determined coefficieftdhe Fourier series approxi-
mating the damage distribution on the segment 0theorods damaged. Diagrams of
these series are presented on the Figure 6.

a) Corss-section

for the segment 1°2":

AP

) 0.317 Oﬂog 059 | {
7 L
\

Cross-section
for the segments
C1l and 2°D:

‘ Eh
c b

3 4 .

c ‘ 1.63

b)

(1-'a)Eql
P == El,'a=0
X

‘ c | c ‘
1 \

Fig. 5. a) Scheme of the beam used in the expetimgEquivalent scheme of the beam for calculation
of damage distribution in the segment 0-4 of thenbeised in the experiment

damaged damaged
, section with ©0zrgection with
tw=0.1 'w=0.2

0 o1 02 03 04 05 06 07 08 09 1 X[|] 0 01 02 03 04 05 06 07 08 09 1 X[|]

—————— Damage distribution calculated on the basis oftheal considerations
— Damage distribution calculated on the basis of ermntal measurements

Fig. 6. Comparison of damage distribution approxiomes for beam section 0-4 (see Figure 5b) caledlat
on the basis of the theory and experimental measans: ajw= 0.1, b)'w= 0.2 for section 1°2
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Table. Displacements of the beams of scheme shown
on the Figure 5 determined experimentally and tbtézally

Displacements Mgasuring system -
[mni without notch with notch = 0.b with notch = 0.B
(bg=0.%D) (bg=0.80)

experimental 0.330 0.341 0.354

Y theoretical 0.336 0.341 0.347
difference in [%] -1.8% 0% 2.0%
experimental 0.448 0.447 0.469

Yo theoretical 0.448 0.454 0.463
difference in [%] 0% -1.5% 1.3%
experimental 0.338 0.337 0.349

Y3) theoretical 0.336 0.339 0.343
difference in [%] 0.6% —0.6% 1.7%

One could conclude on the basis of results obtain@dmeasuring errors of the or-
der of 1-2% in comparison with the theoretical akdtions did not enable a determi-
nation of the damage distribution expected foribam with segment 1°-2° damaged
in 10% {w= 0.1) (Figure 6a). On the other hand, one obtainsdtisfying result close

to the theoretical one for the beam with segme®t’ Hamaged twice moréuf= 0.2)
(Figure 6b).

6. Conclusions

One presented a derivation of the reciprocal thader the CDM problem where
the damage evolution was described by the scatameger for a considerable simpli-
fication of the task. The problem was introduce@inincremental version because of
its physical non-linearity.

The theorem obtained enables a determination ofadandistribution in the me-
dium after suitable transformations, what was sh@iatorially by the example of
four-point bent and damaged beam. The approaclemess can be a complement for
the existing methods of the damage estimation gineering structures. A certain ad-
vantage of the method presented in the work iscatfeat the damage measure, ac-
cording to the CDM assumptions, is a continuougtion and can have a finite num-
ber of discontinuities in an area of a medium itigaged and may describe this way
any damage distribution. One used in the elabordkie approximation of the damage
parameter by the Fourier series, where its coefitsi were unknowns. A number of
the coefficients corresponds to a number of digrtent measurements made for
a damaged system. Thus, limits in an applicabditghe method are determined by
possibilities of making of displacement measuremdnt the required number of
points of the system with the satisfying accuracy.
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Twierdzenie o wzajemndci dla zagadniga mechaniki uszkodzenia i jego zastosowanie
w szacowaniu rozkladu uszkodz@ na podstawie pomiaréw przemieszcze

W artykule przedstawiono ogélne sformutowanie tdiemia o wzajemriei dla grodka
sprzystego z kruchymi mikro-uszkodzeniami. Zasada tapgpowiednich przeksztatceniach,
moze by wykorzystana do szacowania poziomu uszkadaeelementach konstrukcyjnych.
Przyklad szczegélnego zastosowania twierdzenia pgetgkcji uszkodzenia uktaddw epo-
wych, na podstawie pomiaréw przemieszcae wybranych punktach czysto zginanej belki,
zostat przedstawiony w drugiej i artykutu. Przedstawione podeje szacowania uszko-
dzer w konstrukcji mae by uzupetnieniem dla istniggych juz metod opartych na analizie
zmian jej cestasci drga wkasnych, przewodnictwa cieplnego, czy przemieazcz

Rozwaania w pracy prowadzone ® oparciu o hagpujace zatgenia:
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* uszkodzenie w@odku rozwaane jest jako gite pole (adekwatnie do zakm i metod me-
chaniki uszkodzenia) opisane przez bezwymiarowyaskg parametr uszkodzenial[0,1),
ktory jest réwny zero w materiale nieuszkodzonyjaden w materiale w chwili zniszczenia,
zalezy on od zmiennych rozwanego procesu termodynamicznego nmp=w (g,...), gdzieg
jest to tensor odksztalte

* osrodek nieuszkodzony traktowangdzie jako spgzysty o znanej pocitkowej sztywno-
$ci opisanej symetrycznym tensorem czwartegouE,,

* sztywna¢ osrodka uszkodzonego opisana symetrycznym tensorewartzgo rzdu E
podlega redukcji stosownie do waitoparametru uszkodzenia, zgodnie z rel&cf(1-wE,.

Pomimo faktu,ze zalaenia powygsze wprowadzaj nieliniowos¢ w réwnaniu fizycznym
wiazacym odksztalcenia i nagrenia, to zasada wzajeming ktora formalnie formuluje s
tylko dla zagadnig liniowych w oparciu o analizsymetrii tensor&, maze by takze wypro-
wadzona dla przedstawianego problemgkizatozeniu trzeciemu. Wtedy symetria tens@&a
moze by rozwazana tylko wzgtdem wydzielonej z niego sztywfm pocatkowej Eq. Takze,
dla znacznego uproszczenia rozera uwzgkdniono déredniony, izotropowy wptyw mikro-
uszkodzé na zmiany sztywrizi osrodka, stosujc do ich opisu parametr skalarny, co pozwala
pomim¢ efekty anizotropowe spowodowane ukierunkowanym gtawaniem mikrosgkan
w materiale prostopadle do nagen gtownych rozcigajacych.
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Lettersto Editor

Scientific discussion

A. M. BRANDT
Discussion on the paper “The possibility of adjugttoncrete mixtures' fluidity by means of supesfpa
cizer SNF”, A. Kapelko, ACME, vol. VI, no. 3, 2008, 37-53

The paper does not satisfy elementary requirenthatamay be expected from re-
search articles published in a scientific magazine.

1. Superplasticizers, including SNF, have been sseck over 60 years. Present
knowledge and instructions attached to such predaret also known or easly avaiable
and the published paper does not contain any ne\daaper knowledge - proposed
conclusions are trivial (1, 6 and 7), contain urfied suppositions that are not based
on any test (2), or are misleading (3, 4 and 5)oriher to propose any conclusions
from the triple addition of a superplasticizeritniscessary to compare the results with
those from single addition of the same dosage df.SReduction of the amount of
Portland cement is never a reason for applicatioauperplasticizer: whether indi-
cated procentage concerns its water solution onrgs addition.

2. The suggestion, that the majority of Portlancheets are characterized by high
concent of C3A is incorrect (page 39). The Authelested for his tests the Portland
cements with particulary high concent of C3A — 9.8%0 competent manager in a
concrete plant would select such cements. Moredkier Author has not determined
the setting time neither checked the compatiblliggween Portland cement and ad-
mixture.

3. Observaion that “the adsorbtion of cement gesoin the superplasticizer sur-
face” (page 38) is entirely incorrect. Also thentefmineral and granite aggregate”
used several times, e.g. page 46, line 5 from hap, no sense. What kind of “SNF
particles” are mentioned on page 46, line 5 froenttp?

4. Suggestion of a triple dosage of the superpgiasti is completely unacceptable
in practice because of additional cost. Also insiegthe fluidity period of a concrete
mix up to 326 minutes (page 46) and even to 425utes(page 47) is useless. The
concretes with water/cement ratio equal to 0.7 clw&racterized by quite sufficient
workability and nobody will use a superplasticizeeither form.

5. Diagrams in Figures 5 and 6 show that the cosgpre strenght is increasing-
with decrease of w/c — this has been well knownesimiddle of the past century. It is
also known since a long time that the brittlenescoficrete is increasing with its
strenght - that is presented by the Author in Feguf and 8 as results of research (!).
What does the “strenght of concrete mixtures” mean?
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6. Comprehensive study of Chapter 2 of ref. [1] better its new edition of 1999,
together with an analysis of numerous publishecemapn delayed dosage of super-
plasticizers, e.g. by Penttala, would certainlyphisle Author to avoid all basic mis-
takes or to restrain from carrying on these tests.

A. Kapeko

Response to the remarks of Professor Andrzej MndBreo my article “The possi-
bility of adjusting concrete mixtures’ fluidity byneans of superplasticizer SNF”,
ACME, Vol. VI, No. 3, 2006, p. 37-53.

I have analyzed very thoroughly the remarks settiedEditorial Offices of the Ar-
chives of Civil and Mechanical Engineering by Pesiar Andrzej M. Brandt con-
cerning my article published in 3/2006 issue onggagj/—53.

Those remarks fall into two broad categories: @negal remarks included in the
first sentence and in point 6, and (2) remarksrrigig directly to the content of the
article contained in points from 1 to 5. Below bdliss each of these respective re-
marks individually.

The first remark noted in the general categoryestétat the paper does not satisfy
elementary requirements that may be expected feswarch articles in a scientific
journal. My response is that my article publisiedhe Archives of Civil and Me-
chanical Engineering is my own and an original dbation. The work has been rec-
ommended to be published by two independent reviewrd after positive reviews
has been accepted for a publication in ACME. Hettee article fully satisfies the re-
guirements established by the scientific journal.

1. In the first paragraph of the remarks it is paghout that the author of the paper
carried out the research of superplasticizer SNilewthe present knowledge and the
content of its instruction manual was already sidfit. The conclusions and the dis-
cussion of the results and the purposefulness dfaiRd cement reduction in mixtures
containing SNF are criticized as well. | responat the opinion about the conclusions
is unreliable and does not constitute scientifilepic. According to V.S. Ramachan-
dran, R.F. Feldman, Y.Y. Beaudoin, Concrete Sciehpeatise on Current Research,
Heyden, London. Philadelphia. Rheine, 1981 supstiplaers were used for the first
time in Japan in 1964, and in Europe — in Germanyd72. As it is easy to calculate
the European application of superplasticizers havg 35 years of history, but not
over 60 years like it was pointed in the remarksoTundamental building materials
— ceramics and concrete — were known much eahi@r superplasticizers. Paraphras-
ing the statement of the author of the remarks weldc also conclude that it is
unnecessary to conduct a research of concretenmsrar superplasticizers. Based on
the literature review one can see that it is thoaterials that are very often the subject
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of research. Many technological facts are beingashed which later on can be used
for an optimal application of this in building ptae.

The present knowledge concerning superplasticigagey, including SNF, is frag-
mented [M. Collepardi, Chemical Admixtures Todayodeedings of Second Interna-
tional Symposium on Concrete Technology for Sustale Development with Em-
phasis on Infrastructure, Hyderabad, India, 200%52F7—-541]. In my opinion it is un-
acceptable to rely on the content of instructiomd iais necessary to conduct a broad-
ened research verifying the SNF performance insfiexific conditions of materials
and technology. The triple dosage of the supeiiplast allows for a comparison be-
tween the first dosage and the second one, thedfiisage to the third one, and the
second dosage to the third one.

A careful reader of my paper can compare withoytedfort the effects of multiple
SNF dosage as it is presented and explained omdsiduto 4, on pages 42 and 43. In
the paper | introduced a new and original parangter an average slump-as the es-
timation of a multiple SNF dosage’s effectivenesthwespect to the high level of
concrete mixtures’ fluidity in the function of tim&his parameter allows for the pos-
sibility of an estimation of the concrete mixture®dification using SNF with respect
to their fluidization in the specific material catidns. In my view the reduction of
cement amount is one of the aims of superplastiG¢~ addition. It is known that
decreasing an amount of cement causes the redwdtishrinkage and thermic strain
of concrete. According to the work of V.S. Ramaalran et al. cited before, and for
example, R. Rixom and N. Mailvaganam, Chemical Adures for Concrete, Lon-
don, UK: Spon Press, 1999, one of the aims of Siitfitian is an economical usage
of cement. Below | present the scheme from pageRRixom and N. Mailvaganam
referring to economical usage of water-reducingiatlires, including SNF as well.

Corresponding mixes _
28 day strength >A 28@?};;;{;?@ é > A
Workability = B y
A +WRA
+ cement — water
28 day strength = A — water 28 day strength = A
Workability = B Workability = B
— cement
+ cement +WRA
+ water
28 day strength = A 28 day strength = A
Workability = > B +WRA Workability = > B

Fig. 1.1 The concept of corresponding mixes
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The content of dry substance in the water solutvas 34% and the superplasticizer
density in +26C was 1,165 g/ml.

2. | disagree with the criticism included in themed point of the remarks, that it
was a mistake to use a cement with th& €ontent equal to 9,8%. It has nothing to do
with a competent concrete manufacturer. A competenan incompetent concrete
manufacturer has to take into account that the rityajof cements produced in Poland
has a particularly high content of& The concrete manufacturers working in exist-
ing conditions in Poland have a minimal influencetbe choice in the make up con-
tent of the cement. Very often the main factoruaficing this choice is the cost of the
cement and admixture usage. Superplasticizer Sihded to be used mainly in
ready-mixed concrete and it is and will still beedor a long time to modify con-
cretes because of its low cost compared to othgerplasticizers, for example those
of a new generation. The determination of comgdtidbetween Portland cement and
admixture was not the objective of my research. Sdientific literature provides a suf-
ficient number of investigations on this subjectcé@mpetent researcher will find the
necessary information in many articles and rgomahs, for example J. Szwabowski,
Rheology of Mixes on Cement Binders, Gliwice, 1999. Gotaszewski, Modelling of
Fresh Concrete Workability Using Superplasticiz&bwice, 2003. The influence of
SNF on the setting time of cement was a subjechyfinvestigations. This issue is
presented in another work of mine. Figure 1.2 shilwssetting time of concrete with
superplasticizer SNF.

CEM42,5F
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CEM | 32,§

CEM1425R
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CEM 32,5
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Amount of superplasticizer SNF, s [30]
0,0
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CEMI 32,5
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Fig. 1.2. The setting time of standard grouts \@NF

When superplasticizer is added only once togetfidr mixing water, in the amount
of 0.8-2.0% by weight of cement, the initial sajtiime of standard grouts is ex-
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tended by 20 to 90 minutes, while the final settinge by 60 to 120 minutes. At the
same time the setting time of cements with SNFemgthened by 25 to 55 minutes.
A bigger admixture influence was observed in grquepared with CEMI 32.5R. It is
associated with the smaller fineness of this birndezomparison to CEM | 42.5 R.
Both cements that were analyzed are produced frensame clinker and are charac-
terized by the specific surface, according to Riainof 306 and 315 ftkg, respec-
tively.

In addition, the author conducted a research ofrates with superplasticizer SNF
concerning the material durability in the water iemvment. The test of its resistance
to water penetration was made using 3 cube spesimih a 30 cm diameter and a 15
cm altitude — these kinds of cubes allow for adretstimation of water penetration in
comparison to cubes with a 15 cm side. The pressase being risen by 0.2 MPa
every 24 hours until it reached the level of 0,8aMBraph 1.3 shows these results of
its resistance to water penetration of concretes.
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Fig. 1.3. Resistance to water penetration of cdaasreith SNF

The concrete mixtures’ modification made with adiigs in order to reduce the
amount of mixing water, while keeping the initi@nsistency (decrease in W/C), re-
duces significantly the depth of water penetratiader the pressure and increases the
degree of resistance to water penetration W>W8. rékistance to water penetration
of concrete made from concrete mixtures fluidizethwsuperplasticizer and contain-
ing smaller amounts of cement < 320 kd/decreases by one degree W6 in compari-
son is resistant to water penetration of controlccetes W8.
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3. The remarks included in the third point arisdtiply from the translation of the
text from Polish to English. It is composed of sosmeall language mistakes by the
author.

4. | disagree with the remark included in the fgehtence of the fourth point. In
practice the triple dosage of the superplasticédF is acceptable and has been ap-
plied. As a part of cooperation with the industrwas elaborating some variants of
triple dosage of this admixture under specific $portation conditions: high environ-
ment temperature, considerable distance of tratefpmt through built-up areas,
which worked out in practice. | also used a cominmaof superplasticizer SNF with
set-retarding admixture in order to modify mixturésnder conditions of market
economy the additional amounts of the admixturesdus increase the cost of pro-
duction significantly with respect to, for instanamanufacturing 1fof concrete
mixture. These are measurable costs. It would besalle to analyze unmeasurable
costs caused by an increasing SNF content andiassibavith, for example, usage of
a smaller amount of energy to thicken mixturestefasompletion of structural ele-
ment, faster advance of works, shortening constnu¢ime and the like.

The author of the article does not impose lengtigefiuidity of mixtures up to 325 or
425 minutes. The author’s original research implies triple SNF dosage allows for
maintaining the fluidity up to 325 minutes at the &®nsistency level while at the S2
consistency level up to 425 minutes. The compeatentrete manufacturer can use my
figures 1 to 4 on pages 42—-43, find the time neadechnsport mixture with SNF and
correlate this time with the amount of admixtursalges.

The workability of concrete mixtures does not depenly on wi/c ratio. The worka-
bility can be modified by: the consistency, the amtoof grout, the amount of mortal,
the shape of coarse aggregate grains, the totaneént amount and other components
with grains up to 0,125 mm, the admixtures’ appi@al[Z. Jamray, Concrete and Its
Technologies, PWN Warszawa-Krakdéw, 2000].

5. The statements contained in the fifth pointhef temarks and referring to figures
5, 6, 7 and 8 contained in my paper could not benknsince the fifties of the past
century, because superplasticizer SNF was unkntws.my paper which gives the
relevant information that in the given material diions adding SNF does not change
any known tendencies resulting from the ordinargccete research arrangedfin-
w/c andC.../...(compressive strength class ¢brittleness).

6. The general statements formulated in the sigthtf the remarks together with
my review of many monographs and articles made omeinced about the purpose-
fulness of the carried out research, which findingsvere published in 2/2006 issue
of ACME.

It is obvious that discovering new technologicdtiatives broadens the knowledge
in the field of technology and concrete research.
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