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Abstract

In this note the measurements and quality control checks on the
steel absorbers for the Hadronic Tile Calorimeter of the ATLAS
detector are reviewed. In total 41658 sheets of 4.05 mm thickness
and 40800 sheets of 5.00 mm thickness were produced and accepted.



1 Introduction

The steel for the absorbers of the hadronic tile calorimeter of the ATLAS detector
is produced in the following steps.

Hot rolled coils are used as the incoming material. The thickness is about 5.5 mm,
the weight of the coil is 2-2.5tons. One melt is 120-220tons. The Czech
standard for the steel is CSN 11375.28 (equivalent to EN 10025).

In the Cold Rolling Mill the first step is acid pickling in 17% HCI at 60° C. Then
follows neutralization, washing (2 sections) and drying by hot air. The next step is
rolling: for type A (5 mm) annealing and smoothing-rolling; for type B (4.05 mm)
rolling with the reduction each pass of 20%, annealing and smoothing-rolling. The
recrystallization annealing is performed in the continuous annealing furnace in
6 sections at a temperature of 650—800° C in an atmosphere 96% N, 1.5—3% H.
Two coils pass through the furnace together with a speed of 5.1 m/hour. The
whole cycle takes approximately 14 hours (heating, annealing at the given
temperature, cooling).

The cold rolling process runs in Kraluv Dvur (Czech Republic), where also the
type B sheets are cut. The B type sheets are shipped to Dubnica nad Vahom
(Slovakia) and Minsk (Belarus). The type A material is sent to Vitkovice (Czech
Republic) as coils, where it is cut into sheets. These are then transported to
Kopfivnice (Czech Republic) for further processing (punching).

2 The order

After the successful tender sent out by CERN, the order for the supply of lami-
nated steel sheets as absorbers for the ATLAS hadronic tile calorimeter [1] was
placed in the Cold Rolling Mill in Kraluv Dvur near Prague. The same company
produced the steel absorbers for Module 0 of the tile calorimeter [2].

In accordance with the contract, the following quantities of absorbers were ordered:

A. 40800 sheets of dimensions 1620x 400 x 5.00 mm?,
with the thickness tolerance £ 0.05 mm

B. 41600 sheets of dimensions 1620 x 400x 4.05 mm?,
with the thickness tolerance £ 0.04 mm

The required average sheet thickness tolerance is 4+ 0.025 mm over the whole pro-
duction and the tolerances in length and width are (+30-0) mm and (+1.5-0) mm
respectively.

The order for the type B sheets was slightly changed: 29600 sheets of dimensions
1620x400x4.05 mm? and 12000 sheets of dimensions 1620x410x4.05 mm3. The
reason for this change was the possibility of a better arrangement for the punching
of the spacer plates.



Further details and Quality Control Plan are given in the CERN document
CERN-IT-2490/PPE/ATL [3].

3 Chemical analysis, identification of each melt

Chemical analysis from the pans (hot rolled coils) was measured in the hot rolling
mill, one measurement per melt. The maximum content according to the spec-
ification is given in Table 1. Example of the measured values for melt no. 30731
are in Fig. 1.

The steel is killed steel, where the nitrogen content is less then 0.01% (Fig.2).
The content of carbon was measured by two methods. Contents of carbon and
sulphur was determined using infra-red absorption, from one gramme of steel
filings in a LECO 125 analyser (Fig.3). Contents of all elements was determined
by glow-discharge spectroscopy using LECO GDS spectrometer (Fig.4a).

The melt number identifies each melt. All the produced sheets came from
18 melts.

4 Complete chemical analysis

The complete chemical analyses were performed in the laboratories of the cold
rolling mill. The maximum content from the order is given in Table 1, the results
of the measurements for one coil are given in Fig.4a. The measured values,
corresponding average values and RMS are shown in Table4 for 4.05 mm steel
and in Table 5 for 5.00 mm steel. Distribution of Carbon and Manganese content
is given in Fig.4b. In the figure one can see that the average content of Carbon
is 0.08% with the precision of 15% (see also Table4 and Table5) in agreement
with the specification.

5 Surface-state inspection

Surface-state inspection is made visually during the rolling and cutting. Sheets
with noticeable defects are excluded, their number is less than 0.4%. The pro-
ducer, on the basis of surface state, also rejects the first and last turns of each
coil.



6 Corrosion protection

The inhibitor oil INCOR is sprayed during the rolling process on the strip. The
coil is protected by DAMINOL oil on the surface before shipping to Vitkovice.
The sheets are packed on pallets. Type A sheets are on pallets produced in
Vitkovice with approximately 2tons per pallet. The sheet on top is protected
by DAMINOL, the package is wrapped in special paper STAKOR and bound by
steel strips.

Type B sheets are on pallets designed by CERN with approximately 2 tons per
pallet and the same packing as for the type A.

7 Mechanical properties, structure and inclu-
sion content, roughness, magnetic properties

Mechanical properties, structure and inclusion content, roughness, magnetic prop-
erties introduced in the order are given in Table 2.

The results of measurements are shown in Fig.5, 6, 7 and 8. Magnetic coercitive
field was measured in Prague by CERN Industrial Coercimeter. The measured
samples were of dimensions 40x 75 cm?, the example of the protocol is given in
Fig.9a. The magnetic properties of the 5mm steel sheets are quite important.
Considerable amount of the return magnetic flux flows through the master plates
of the calorimeter. For this reason the carbon content (Fig.4b) and the intensity
of the magnetic coercivity should be as low as technically possible. The values of
magnetic coercivity are rather constant, the average value being 217.2 A /m with
the precision of 6%, and is below the limits given in the specification (Fig.9b).

8 Thickness measurements and dimensions

The thickness was measured on one sheet (reference sheet) out of each pallet, in
9 points according to the CERN document CERN-IT-2490/PPE/ATL [3]. The
thickness was measered with a calibrated MITUTOYO micrometer on line with
a PC. The overall mean thickness is given in Table 3 from all the sheets tested.

The results of thickness measurements are given in Fig. 10 and 11. The individual
measured values of mean thickness for each reference sheet lie within the limit
+0.025mm. If the points on a reference sheet were measured to be out of
tolerances during the acceptance process, the sheet was excluded and then futrher
five sheets (approx. every fifth in the sequence) were measured. The average thick-
ness of the whole measured sample was calculated and if within tolerances, the
pallet was accepted, with exclusion of the sheets outside the torerance limits. In
Fig. 11a and 11b the points lying out of tolerances represent the “bad” reference
sheets, which were then excluded in the acceptance procedure. The corrected



thickness values for the remeasured pallets are not shown in these figures. How-
ever, for the type A (5mm) about 0.5% of pallets and for type B (4.05mm) less
then 2% of pallets respectively were not accepted since the mean thickness was
in most cases too low.

Furthermore of type A 191 sheets were excluded because of scratches and “double
layer” and 32 were not accepted because of damage during the transport from
Vitkovice to Kopfrivnice.

The wedge shape, which is rather important for the master plates was also mea-
sured and the mean value for the 5 mm sheets is 0.020 mm with RMS of 0.015 mm.
The measured values of dimensions are displayed in Fig.12. The values lie in
the limits given in the order. The overall measured thickness for 4.05 mm sheets
is (4.041+0.014) mm and for 5.00 mm sheets is (4.993+0.017) mm in agreement
with the specification.

9 Planarity

Measuring the longitudinal and border sagitta checked the planarity. The maxi-
mum acceptable values are 2 mm and 4 mm respectively. The measured values are
in the acceptance limits. The results of measurements for the 5 mm steel are given
in Fig.13. For the 4.05mm steel the values are similar, but the measurements
were not recorded, because for the small spacers, the values are not as critical.

10 Internal stress
The test sheets were carefully cut and the sides put one to the other (see CERN
method [3]). No measurable space between the cut sides has been observed.

11 Conclusions

The quality of the accepted sheets of the steel produced by the Cold Rolling
Mill in Kraluv Dvur corresponds to the quality requirements given in the CERN

order. The results of quality control and corresponding measurements are given
in Table4 and 5.
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Example of the attestation of the chemical analysis of the hot rolled strip.
Example of the attestation of the nitrogen content.
Example of the attestation of the carbon content in the hot rolled strip.

(4a) Example of the attestation of the chemical analysis of the cold rolled
sheets; (4b) distribution of carbon and manganese contents for 4.05 mm and
5mm steel.

Mechanical properties of the cold rolled sheets. (5a) Examples of the mea-
sured values of 0,4, (tensile strength), 0,02 (yield strength) and Ag, (strain
to failure). The curve shows the dependence of the relative elongation € on
applied force F for the type A sheets (5 mm).

Distribution of tensile properties for 4.05 mm and 5 mm steel (5b) and strain
to failure for 4.05 mm and 5mm steel (5c).

Example of the attestation of impact strength measurements for 4.05 mm
(6a) and 5 mm steel (6b) respectively. Corresponding distribution of impact
strength measurements for 4.05 mm and 5mm steel (6¢).

Examples of the structure (grain size) and inclusion content for 4.05 mm
(7a) and 5mm steel (7b) respectively and corresponding distributions (7c)

(8a) Example of the roughness profile (x-axis 1 div = 250 ym ; y-axis
1 div = 5um). Distribution of average roughness for 4.05 mm and 5mm
steel (8b).

(9a) Example of the protocol of magnetic coercivity measurements and its
distribution for 4.05 mm and 5mm steel (9b).

Example of the protocol of the on-line thickness measurements during the
cold rolling.

Results of the thickness and wedgeness measurements for the 4.05 mm steel
(11a) and for the 5 mm steel (11b) respectively. Hatched area represent the
measured reference sheets which are out of tolerances.

Results of the dimensional measurements for 4.05 mm steel (12a) and for
5mm steel (12b) respectively.

Results of measurements of the longitudinal and border sagitta for the 5 mm
steel.



Table 1: Maximum content of elements from the technical specification.

‘ Element ‘ Order ‘

C 0.17%
Mn 1.00%
P 0.055%
S 0.055%
N 0.011%

‘ Quantity Order ‘
Tensile strength (0,4,) | min 340 MPa
Yield strength (0,02) | min 235 MPa
Strain to failure (Agp) | min 26 %

Impact strength

min 28 J/cm?

Grain size

max 50 pm

Inclusions

max class 3

Average roughness

max 12.5 pm

Magnetic coercivity

max 250 A/m

Table 2:

Requested mechanical and magnetic properties.

| Mean thickness (mm) | Sheets type A | Sheets type B

Order

5.000£0.025 | 4.050£0.025

Measured

4.993+£0.017 | 4.041£0.014

Table 3: Mean thickness measurement.
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Fig. 2:

Example of the attestation of the nitrogen content.
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Attestation of the carbon content in the hot rolled strip.
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Fig. 4a:
Attestation of the chemical analysis of the cold rolled sheets.
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Fig. 4b:
Distribution of Carbon and Manganese contents.
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Fig. 5a:

£ Iyl

Attestation of mechanical properties measurements.
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Fig. 5b:
Distribution of tensile properties.
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Fig. 5c:
Distribution of strain to failure.
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MECHANICKA ZKUSEBNA, stitem akreditovand  zikmEebn{ laboratof 1047
o mechanické 2zkou¥ky materisli, pod rtegl. CIA Prasha 10971996

KODA VYZKUM s.r.0., Tylova 57, 516 00 Plzefi, 019/7732904
- ) . . €. : 132
PROTOKOL O ZKOUSKACH List : 1 -
. Podet st . : 2

ZAKAZNIK : KRALOVODVORSKE ZELEZARNY

PREDMET ZKOUSEK : PLECH

Zakdzkoveé Eislo : 015 -55/3%90
Datum pevzett : 26.1.1998 : ,
Danmn zkonleni - 4721998 . S

VYSLEDKY ZKOUSEK: -

Zkouka chzem v ohvbn die DIN 50 115 vzorky 4 x3 x27 - vrub V1

Tiouitka plechn 4 mm ~ podélng emér | Tloustks plechu 4 mm - pifitny smir
ozmatent KV (J) |ECV(Tem®)| oznaden! | KV (J) | KCV (Femd)

4.1 7.1 78,89 04.01.Q0 4.5 80

4.1 8,1 €0 04.01.00 4.5 50

4.1 7.5 - 83,33 04.01.00 5 85,56

42 6,6 73,33 04.02.00 55 81,11

42 6,3 70 04.02.00 4.9 54,44

42 8 86,67 04.02.00 57 63,33

43 7 77.78 04.03.00 3,8 42,22

4,3 4.4 48,89 04.03.00. 4,9 £4. 44

43 . 6686 73,33 04.03.00 3,5 38,89

4.4 6,8 75,56 04.04.00 4.5 50

4.4 7 77,78 04.04.00 46 51,11

4.4 6,7 74,44 04.04.00 4,4 48,829

4.5 4.5 50 34.05.00 3,8 42,22

4.5 4.4 48,85 | 04.05.00 3,8 42,22

4.5 3,7 41,11 04.05.Q0 3,8 43,33

Primsr 6,18 - 68,67 Primsr 449 49,35
MA Zxy, -
- é 4?" Rﬁ\ o= % / ‘W
V Pizai; 4.2.1998 § EKCDA f-;} Ing Véd:;wMenﬂ, CSe¢.
\ﬁ\ V’u.;i' ’§f vedoumlabcrtui‘e

Uwvedens vysledky ziousek se tfiaif jon predmgs wv&e porovndvani namEenych
Wsmwmmjemrm&;@ﬁéﬂcémm45 001. Bez svoleni
zkugebni Iaboratofe smi byt protokol reprodukovan pouze jako celek.

Fig. 6a:
Attestation of impact strength measurements for 4.05 mm steel.
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MECHANICKA ZKUSEBNA, stitem  akreditovani ziufebnf lsboratof 1047
gr mechanické 2koufky materidll, pod regé. CIA  Praba 105/1996
KODA VYZKUM sr.o., Tylova 57, 316 00 Plzeii, 019/7732904

3 s 132
PROTOKOL O ZEOUSKACH List s 2
Podet listh 2

ZARAZNIK :KRALOVODVORSKEE:ELEZARNY
PREDMET ZKOUSEK : PLECH

Zakizkové Sislo . 015 - 53/390
Datom pfevzeti - 26.1.1998 L
Datnm zkoudeni P Y S —

VYSLEDKY ZKOUSEK:

Tlouitka plechu 5 mm - podélny smés | Tlouike plechua 5 mm - pfifny smér
oznaten! | KV (J) |KCV{ V)| omadeni| KV (J) | KCV (Var®)

1,5 6,8 75,56 01.05.00 4.2 4567

1.8 8,5 72,22 01.05.00 4,5 50

1,5 7.7 85,56 01.05.00 4 - 44,44

25 8,7 - 74,44 02.05.00 3.8 43,33

25 8,5 72,22 02.05.00 45 50

25 7.3 81,11 02.05.00 45 50

3,5 71 78,89 03.05.00 4,1 45,56

3,8 7.6 84,44 03.05.00 3.6 40

35 7,1 78,88 03.05.00 3.5 38,89

45 7,5 83,33 04.05.00 45 80

4,5 4.6 51,11 04.05.00 42 48,687

45 54 60 -~ | 04.05.00 5 55,56

5,8 4.1 - . 4556 | 05.05.00 34 37,78

55 4,1 45,56 05.058.00 3,8 42,22

£.5 4.8 53,33 05.05.00 43 47,78
PrimmEr 6,25 69,48 Primér 4,13 - 4593

3 T z‘b&e
o 2'? D \ AE - / m d
V Plmi; 4.2.1998 ¥ ezeum % ; Ing, Vacigy Mentl, CSc.
k%’ s.r.a. _.-1‘3/, vedoum lahotofe

TUvedsns vysiedky dkomsek se tykajl jen prodiie vila %ﬁhvmpomﬂvaﬁmm
Wsmpmmpmomm&e@m 45 001, Bez svolend
zknebni leboratofe smi byt protokol reprodukovén pouze jako celek

Fig. 6b:
Attestation of impact strength measusements for 5.00 mm steel.
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Fig. 6c:
Distribution of impact strength.
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CERN IT-2490/PPE/ATL | 'QUALITY CONTROL PLAN
File number: £%2
pge f)of 13

[Me!t Number:30748 Sheet number:
Ik:oil Number : : Thickness type: 4,06

STRUCTURE AND INGCLUSION CONTENT

Grain size (ASTM E 112-83) (um) R i /% - SOOI
— . ) 378 -
Inclusion content (ASTM E 45-84 method A) class .0,5.....

05

-’

L

100X

/ Exd adynemr s
- Signature of producer : ﬂ [«E, / VALCOVNA 28 SiLoe

Approved by CERN - ATLAS;
Signature: )
SR . Mearfl

Fig. 7a:
Example of the structure and inclusion content for 4.05 mm steel.
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CERN IT-2490/PPE/ATL

QUALITY CONTROL PLAN
File number: 4£2
oz 90413

Melt Number: 30748

Sheet number:

Coil Number ;

Thickness type: 5,00mm

STRUCTURE. AND INCLUSION CONTENT

Grain sizc (ASTM E 11”-83) (Hm)

e o0

te

) Va 681 10X

Signature of producer

Date f3.2. A%

vy

Approved by CERN -~ ATLAS:
Signature: . 4l

Kiatonvorse: .., wrel
VALCO\."“A&AaTuUtm N f0

Fig. 7b:

Example of the structure and inclusion content for 5.00 mm steel.
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Fig.7c:
Distribution of maximum grain size.
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Fig. 8a:
Example of the roughness profile.
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Fig. 8b:
Distribution of average roughness.
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INDUSTRTIAL
Sample

Position

Measuring Date

Data File

Measuring Direction

C OER

CIMETTER {CERN)

T32966

)

29.04.,1998
29040859.C98
2

4.05 mm

08:58:46

Thickness

Width 40.00 cm
Coercivity HC = 135.0 (A/m)
Comment OK

INDUSTURTIATL COERCIMETZER (CERN)
Sample T34333

Position ?

Measuring Date 25.04.1998 14:02:36
Data File 29041402.C98
Measuring Direction ?

Thickness 4.05 mm

Width 41.00 cm

Coercivity HC = 164.1 (A/m)
Comment OK

Fig. 9a:

Protocol of magnetic coercivity measurements.
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Fig. 9b:
Distribution of magnetic coercivity.

28




NUMBER OF COIL

PROTOKOL © S8VITKZUY

8931/02/01

Vyvadlcovaném dne

19.01.98

Date of rolling

Jakost: 11375 Hmotnost [kgl: 2125 Sifka [mm]}: 410
Vstupni tl. [pml: 4150 Cilova tl. {um]: 4050 V¥stupni tl. {um): 4050
Délka [m] : 162 Délka v toler, [%] ¢ 98.36 Tolerance [um] —-40/40
True thickness Input tension
Step of rolling Lenght v¥stupni tl. [pm] vst. tah [kN]
iﬁbér Délka E 5 cp cpk E §
1 162 4059.9 10.5 1,27 0.96 0.8 0.6

Qutput tension Speed of rolling Power of rolling
Step of N . .
roiting V¥st. tah [kN] Vilc. rychl. im/sl] Valc. sila [kN]
[ober £ 5 B 8 E 5
1 46.8 0.4 0.7 0.22 632 31
p—
X+ttt
0.0 5.5 0.0 5.5 32.8 92.9 289.6 322.4 185.8 32.8 1i6.4 1l6.4

akost / Grade

stupni tl./Thickness
before rolling

elka / Lenght of coil

Hmotnost / Weight

Cilova tl./Final thickness

Delka v toler./Lenght in
tolerance

Fig.10:

Sirka / Width

vystupni tl./Thickness
after rolling

Tolerance / Thickness
tolerance

Thickness measurement during the cold rolling.
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4.05 mm steel

Poins out of tolerances were remeasured.

— 4.2
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70 — Mean 4.042
I RMS .1614E-01
= Z 70
C x°/ndf 2487 | 12
60 C Constant 56.43
C Mean 4,041 60
50 o Sigma .1350E-01
= 50
40
c 40
30 - 30
20 20
10 - 10
0 F = ‘a\ l= O
3.9 4 41 4.2
. mm
Thickness

250 300 350 400
Caoil no.
C Mean .1300E-01
O RMS .1051E-01
E | r—‘ | ‘ |
0 0.02 0.04 0.06 0.08
mm
Wedgeness

Fig. 11a:

Thickness and wedgeness distributions for 4.05 mm steel.
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5.00 mm steel
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@ 5.1 — Poins out of tolerances were remeasured.
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Coil no.
60 L Mean 4.993 L Mean .1953E-01
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L X/ ndf 1530 / 17 r
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30 — 30
20 [ 20 -
10 - 10 -
0 B T SR 0 Co0 I
4.9 5 5.1 0 0.02 0.04 0.06 0.08
. mm mm
Thickness Wedgeness

Fig.11b:
Thickness and wedgeness distributions for 5.00 mm steel.
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4.05 mm steel - dimensions
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Fig. 12a:
Dimensions for 4.05 mm steel.
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5.00 mm steel - dimensions

Mean 1632.
RMS 3.527
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Fig. 12b:
Dimensions for 5.00 mm steel.
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5.00 mm steel - sagitta
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Fig. 13:
Sagitta for 5.00 mm steel.
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