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The article presents the results of the use of SPC tools, i.e. control charts and indicators of the quali-
tative capability to assess the stability and capability of the production process of rolled products -
I-sections. Statistical analysis of the collected data regarding the selected feature of the analysed
product - the width of the foot, and the normality of the distribution were done, which showed that
the obtained distribution of measurement results is not a normal distribution. As a result, appropriate
SPC procedures for non-normal distribution were used. The Pareto-Lorenzo diagram and FMEA
method were also used to obtain information about the structure of non-conformities of the analysed
product and the level of risk associated with them. This information was used to propose corrective
actions and improve the production process of rolled products.
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1. Introduction

Each process requires inspection, supervision and control
in order to ensure the highest quality of offered products or
services. Statistical Process Control (SPC) is the most im-
portant set of tools used in quality assurance systems
(Hryniewicz, 2000). The SPC covers various activities aimed
at stabilising the production process and ensuring its capaci-
ty, which allows to standardise the quality of manufactured
products and reduce their level of defectiveness (Greber,
2005). In the implementation of SPC, two phases can be
distinguished: achieving and improving control (engineering
phase), and maintaining control (operational phase) (Amaral,
2012). One of the basic tools of SPC are control charts
(Fouad, Mukattash, 2010). The control charts enable constant
supervision of the process and enable its on-line control
thanks to the provision of information on its progress. Appli-
cation of c.ch. allows to “early sight” when the given process
starts to behave in a “non-standard” manner and, if needed,
to react quickly (Ignaszak, Sika, 2012).

One of the most important goals pursued by a manufactur-
ing company is the ability of the process to meet customer
requirements (specifications) (Iwaniec, 2006). This ability
can be assessed using another SPC tool - capabiity indicators
(Cp, Cpk, Pp, Ppk) (Hamrol, 2017).
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Each modern production plant that wants to improve the
quality of its products, optimize production processes and
minimize the costs of poor quality should implement a pro-
gram of SPC of the production process. SPC is an effective
and powerful methodology for analysing, monitoring, man-
aging, and improving process performance (Ucurum, Colak,
Cmar, Digpinar, 2016.). If the SPC is performed properly
(understanding of the nature of the statistical stability), and
the process is assumed to adequate qualitative capability, the
risk of producing product incompatible - due to the con-
trolled characteristic - it is kept to a minimum (Hamrol,
2017). It should be noted that in order for SPC's to show its
full potential, it need to be properly implemented and ap-
plied, respecting certain principles and assumptions which
ensure that SPC tools provide accurate information on the
state of the process (Greber, 2009). As Deming claimed, "the
use and understanding of control cards (SPC tools) by man-
agement is more important than their use by linear workers"
(Wheeler, 2000).

The aim of the article is to present the results of the use of
SPC tools: control charts and capability indicators to assess
the stability and capacity of the production process of rolled
products in a metallurgical enterprise. The SPC analysis was
supported by the analysis of qualitative data on nonconformi-
ties in order to propose corrective actions and improve the
rolling process.
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2. Experimental

The examined object is a company from the metallurgical
industry located in the Silesian Voivodeship in Poland (it is
one of the branches of this company in Poland). The tests
were carried out on the “Large Rolling Mill” (one of the
departments) in relation to the production process of wide
alloy sections, type HE 400, hot-rolled, which is one of the
products in the range. The assortment of manufactured prod-
ucts is very wide, it consists of 15 different types of products,
which will be available in different varieties, versions (from
4 to even 49 versions within a given assortment group). The
tested product is a the I-section wide beam of HE 400 type.
The basic dimensions, which required inspection (in accord-
ance with PN-EN 10034:1996) are shown in Fig. 1.

i

Fig. 1. The controlled dimensions of the I-section European wide
beam, in accordance with PN-EN 10034:1996. Dimension b - width
of the foot - the subject of the research

The dimension used in the SPC research was the width
of the foot - "b". The "foot" was taken into account, which
was shorter. The dimension was selected because of the
differences depending on the place of the band from which
the sample is taken. The width of the foot is also significant-
ly influenced by the temperature factor, and therefore, along
with the change in temperature, the dimension b also chang-
es. For the other dimensions, except for the weight of the
current meter of the band, the rolling temperature does not
affect so much. Other factors also influence dimension b,
such as incorrect adjustment of settings, hydraulic, mechani-
cal or electrical malfunctions on the rolling stands or opera-
tor error.

The permissible dimensional deviations and deviations
in shape and mass for hot-rolled parallel wall of I sections of
structural steel with medium wide feet (I) and wide feet (H)
are given in PN-EN 10034:1996. PN-EN 10034:1996 (Struc-
tural steel I and H sections - Tolerances on shape and dimen-
sions). This standard requires that the target width for this
type of I-beam section (variety A) should be 300 mm with a
tolerance of + 4,0 mm.

During sixteen hours of production of the analysed
products (during two shifts of work), samples were taken
from twenty bands, 4 samples from each band. Individual
samples were taken as follows: 1 - beginning of the band, 2,
3 - middle of the band, 4 - end of the band.
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3. Results and discussion

Firstly, the collected data on the width of profile rates (80
measurement results) were subjected to statistical analysis
using basic statistical parameters such as: mean, range,
standard deviation, coefficient of variation, skewness and
kurtosis (Knop, Borkowski, Czaja, 2008). The results of the
analysis are shown in Table 1.

Table 1. Basic statistical parameters of the foot width dataset

Descriptive statistics
Mean Minimum‘ Maximum‘Range‘

deviation | of variatior
7,8 2,05224( 0,68322¢ -0,21686( -1,06887

Variable
Foot width

Standard Coeﬁicient‘ Skewness| Kurtosis

300,380( 296,000C 303,800(C

The analysis shows that the average width of the profiles'
feet was 300.376 mm, with an average variation of the results
of £ 2.05 mm, the minimum width is 296 mm, while the
maximum is 303.8 mm, hence the range of results was 7.8
mm. 68% of the average value is a standard deviation. Nega-
tive skewness and its value indicate that the distribution of
results is slightly asymmetrical on the left (the numbers focus
on high values of features), negative value of kurtosis and its
value means that the distribution is more flattened than nor-
mal.

A box plot of the median-quartile-range type was used to
analyse the distribution of data by these statistics (Fig. 2).
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Fig. 2. Box plot of the widths of the foots.
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The median is equal to 300.25, which means that the width
of the feet in 50% of profiles is at most 300.25 mm. The
bottom quartile is 298.75, which means that in 25% of pro-
files the width is at most 298.75 mm, while the upper quartile
is 302.2, i.e. in 75% of profiles, the width is at most 302.2
mm. The shorter upper than lower whisker confirms the left-
sided asymmetry of the entire data set, while the location of
the median inside the box indicates the symmetry of the
distribution of 50% of the middle results.

Next, the consistency of the collected data with the normal
distribution was evaluated using the histogram shape analy-
sis, statistical tests of Shapiro-Wilk and Lillifors as well as
normality graph (Stanisz, 2007). The results of this analysis
are shown in Figure 3.
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Histogram: foot width
K-S d=,12804, p<,15; Lilliefors p<,01
Shapiro-Wilk W=,95654, p=,00832
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Fig. 3. Histogram with the results of statistical tests and a normality
plot as a tool for assessing the conformity of the distribution with
the normal distribution

The analysed characteristic does not have a distribution
consistent with the normal distribution. This has been proven
by all normality tests and normality graph. The characteristic
has an asymmetric distribution - negative (left-sided), multi-
modal.

Due to the lack of conformity of the distribution with the
normal distribution in order to assess the stability of the
process, the X and R chart was used, in which control limits
were calculated based on so-called Johnson curves, based on
skewness and kurtosis (Montgomery, 2012). The results of
the construction of the X and R chart are shown in Figure 4.

By analyzing the control card X, you can see that the pro-
cess is unstable. The results obtained from the first and sixth
samples are outside the lower control limit. If in the case of
the first sample this is normal (setting the profile after re-
building), then in the case of the sixth sample it is the so-
called "red light" for the employee and the process should be
stopped at this point. Although there are no trends, the runs
tests (Table 2) indicated 8 points outside the C zone (from 6
samples to 13). This test indicates that the samples taken are
influenced by two different factors with a binomial distribu-
tion. This is a different, additional signal about the process
deregulation. The process should be stopped in order to iden-
tify the causes of the disturbances and to take appropriate
corrective actions. Analyzing the R chart it can be assumed
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that the process is stable from the point of view of variabil-
ity. The results obtained from twenty consecutive samples
are between the upper and lower control limits.

Table 2. Runs tests

Foot widht; Runs

tests

X-Bar chart
A/B/C Zone: 3,000/2,000/1,000 *Sigma from to
Runs tests sample sample
9 points in Zone C or beyond (on one side of central OK OK
line)
6 points in a row steadily increasing or decreasing OK OK
14 points in a row alternating up and down OK OK
2 out of 3 points in a row in Zone A or beyond OK OK
4 out of 5 points in a row in Zone B or beyond OK OK
15 pomFs in a row in Zone C (above and below the OK OK
center line)
8 points in a row in Zone B, A, or beyond, on either 6 13
side of the center line (without points in Zone C) N

X-bar chart; variable: foot width
Histogram of means Niegaus., Mean: 300,38 (300,38); Sigma: 1,5811 (1,5811); n: 4
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Range chart; variable: foot width
Histogram of Ranges Range: 3,255 (3,255); Sigma: 1,391 (1,391); n: 4
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Fig. 4. The X and R chart for data regarding to the analysed charac-
teristic - the width of the profile's feet
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The EMWA chart was used to quickly detect small changes
in averages and trends (to check whether there was a shift in
the average process). This card is less sensitive to data that is
not normally distributed (Salacinski, 2009), which is its ad-
vantage in this particular case. The result of the application is
shown in Figure 5.

EWMA X-Bar and R chart; variable: foot width

Histogram of EWMA means EWMA X-bar: 300,38 (300,38); Sigma: 1,5811 (1,5811); n: 4;
Lambda: 0,1
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Fig. 5. The EWMA chart as a supplement to the X-R card for data
concerning the analysed characteristic - the width of the profile's feet

The chart showed two signals of deregulation (for samples
1 and 2). Subsequent samples show alternating upward and
downward trends, as well as a shift of the average of the
samples obtained towards higher values. This relationship
can be seen even better if we construct the CUSUM chart
(Figure 6) for individual observations (not samples). On the
CUSUM chart, you can see a lot of different trends - the
average takes values larger or smaller than the target, a large
number of samples also goes beyond the control limits,
which proves and confirms the fact that the process is unreg-
ulated.

CUSUM X and Moving R Chart; variable: foot width
Histogram of CUSUM X: 300,38 (300,38); Sigma: 1,4673 (1,4673); n: 1

Observations
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Fig. 6. The CUSUM chart together with a Moving Range chart for data
regarding to the analysed characteristic - width of the profile's feet

In order to assess the process's ability to meet the require-
ments, Cp, Cpk capability indicators for non-normal distribu-
tion were used (Ryan, 2011). The results are shown in Figure
7.

Variable: Foot width Mean: 300,376  Sigma: 2,05224
Non-Gaussian adjustment; skewness: -0,21686 kurtosis: -1,0689
Specification: LSL= 296,000 Nomin.= 300,000 USL=304,000
NOTE: Process width (+-3s) by percentiles
Normal: Cp=0,8433 Cpk=0,7640 Cpl=0,9226 Cpu=0,7640
Other than normal: Cp=1,349 Cpk=1,318

LSL Nominal. +3,s USL
20
| \
18 | 1
| |
16 | |
| |
14 | i
> U I
g 12 \ |
$ 10 I !
g ! !
e 8 | |
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¢ |
4 1
|
2
0 (1 L
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Foot width

Fig. 7. Analysis of process capability for non-normal data distribution
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using Cp, Cpk indicators

While assessing the process using Cp, Cpk indicators, it
can be concluded that the process has the ability to meet
customer requirements, while the level of this ability should
be considered relatively good. None of the individual obser-
vations went beyond the specification. More values of the
width of the profiles are greater than or equal to the nominal
value (55 out of 80, 68.75%). One should strive in the pro-
cess to further reduce the dispersion of obtained values and
to improve the process's centering.

The problem of the examined enterprise are noncon-
formities related to the analysed product. It was decided to
analyse this problem using the Pareto-Lorenzo diagram and
the FMEA method (Knop, 2017, Hamrol, 2018).

The Pareto-Lorenz diagram was used to analyse the struc-
ture of nonconformities occurring during rolling of sections
during one year. 14 non-conformances resulted in the crea-
tion of 4726,3 tons of scrap. For each nonconformity the
symbol was assigned and a ton was adopted as the unit of
measure. For individual nonconformities, the percentage and
cumulative share were calculated and the results are present-
ed in the form of the Pareto-Lorenz diagram (Figure §). On
the X axis, the nonconformities in the descending order are
marked, on the Y-axis on the left the number of defective
products expressed in tons, and on the right-hand side the
cumulative frequency of occurrences expressed in percent.
The nonconformities analysed are: LP — Flakes and cracks
steelmaking N — Non-rolling, F — Wavy finish, ND — Inade-
quate length, UM — Mechanical damage, K — Curves, Z —
Cold shut, AS — Web asymmetry, PS — Foot gradient, RW —
Separation, SW — Sprains, twist, NW — Not filling, PP —
Longitudinal cracks, R — Abrasion marks.
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Symbol of nonconformity

Fig. 8. Pareto-Lorenz (P-L) diagram to capture the structure of
nonconformity in the rolling process.

Analyzing the P-L graph, it can be seen that two noncon-
formities are the cause of 77.7% of quality problems. These
are non-rolling (N) and mechanical damage (UM). The re-
maining 12 nonconformities generate only 22.3% of qualita-
tive problems. After the P-L analysis, it is known that the
causes of non-rolling and mechanical damage should be
searched for first and then eliminated or minimized.

Non-rolling is all the defects arising in the rolling process
due to mechanical, electrical or technological reasons. They
are continuously updated on the production report. In order
to reduce their occurrences, it is necessary to increase the
discipline of work and to ensure timely repairs.

Mechanical damage are nonconformities arising during
the production process. They are detected most often during
inspection at the finish section where such products are re-
generated, reclassified or scrapped. Regeneration on a cold
cut saw involves cutting out damaged pieces of material.
Shorter lengths are then obtained, for which there are often
no orders. If there is no customer for such a product within a
certain time, it is scrapped. The view of mechanical damage
is shown in Fig. 8. Mechanical damage also occurs frequent-
ly during material transport on grates, roller tables, trolleys
or during material loading by an overhead crane. If the dam-
age is small, it is difficult to detect it. This nonconformity is
of great importance for the client. In order to improve the
quality, it is necessary to introduce more frequent inspections
of devices and to ensure timely re-pairs. The quality control
staff should also be trained to improve the detection of this
type of non-conformity.

The FMEA analysis was used to assess the degree of crit-
icality of the nonconformities under investigation and to take
corrective actions aimed at reducing the value of their risk.
The result of the analysis is presented in Table 3.

The adopted criticality level (RPN = 120) was exceeded
for 4 discrepancies: inadequate length, mechanical damage,
cold shut and web asymmetry. For these nonconformities,
corrective actions should be taken, which are, above all,
employee training and repairs. These 4 nonconformities
should be addressed first, but one should not forget about
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nonconformities that occur less frequently and are less im-
portant for the client.

Fig. 9. Mechanical damage of the foot.

Table 3. Simplified FMEA analysis

Ty- | Effects of Causes O|D | S R
pe noncon- P
formity N
LP | Defective Inadequate quality | 5 | 3 | 7 | 105
product of the charge
SW | Defective Improper setting 2 1317 42
product, of the rolling mill
regeneration | or straighteners
N Scrap Failures during 91116 54
the process
ND | Regenera- Employee's in- 516 |7 210
tion, scrap competence
UM | Defective Employee's in- 6 | 4|7 | 168
product, competence, no
regeneration | repairs
K Scrap, Improper setting 7127 98
regeneration | of the rolling mill
or straighteners
Z Scrap, Improper setting 4 | 51| 8| 160
regeneration | of the rolling mill
AS | Defective Bad fixture ad- 6 | 4|6 | 144
product, justment, no
regeneration | repairs
PS | Scrap, Improper setting 2 |6 |7 84
regeneration | of the rolling mill
or straighteners
RW | Scrap, Inadequate quality | 2 |6 |7 84
regeneration | of the charge
NW | Defective Improper setting 2 |3 |7 42
product, of the rolling mill
regeneration
PP | Scrap, Improper setting 21219 36
regeneration | of the rolling mill,
charge defect
F Scrap, Improper setting 6|2 |5 60
regeneration | of the rolling mill
R | Regenera- Bad fixture ad- 7 13 |5 105
tion justment

4. Summary and conclusion

The evaluation of the I-section rolling process based on
the stability and capacity analysis of this process, additional-
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ly supported by the analysis of the nonconformity structure
and their risk, allowed to obtain a lot of valuable information
useful for managers in improving this process.

Process evaluation using control charts showed that it
is not stable. However, only one dimension (width of the
foot) was included in the SPC analysis. The results from the
X chart are a warning signal for process managers, despite the
fact that all values were within tolerance. As a result, the
process showed a good qualitative capability, this capability
was determined based on the procedure for a non-normal
distribution, because the process did not behave according to
this distribution (the distribution of results was oblique,
clearly flattened and multimodal). The cause of such a dis-
turbance shall be indicated.

By analyzing the structure of nonconformities, the basic
quality problems, i.e. non-rolling and mechanical damage,
were identified. Corrective actions have been proposed
which mainly consist in a better policy of repairing machin-
ery and increasing the number and quality of training provid-
ed.

Summing up, it should be emphasized that the company
under study invests all the time and strives for full automa-
tion of the process, which improves the quality. However,
most of the rolling mill machinery and equipment is still
obsolete, which means that in order to maintain the appropri-
ate quality level, the steel mill is forced to incur higher
maintenance costs. Effective repairs and trainings (their
quality and quantity) are a critical element requiring im-
provement, which will increase the quality and repeatability
of the obtained results from the rolling process.

SPC tools are an invaluable source of information about
the rolling process and its results, which can be used to im-
prove the process. By analyzing the behavior of the process
over time, knowledge about the predictability of the process
was obtained. The results were not satisfactory. The process
is unpredictable and can give managers a headache. It is
much easier and faster (and often cheaper) to eliminate the
source of disruption than to remove its effects. The goal of
the managers of the rolling process should be to minimize
sources of process variability, which will be resulted in pro-
cess improvement and cost reduction. It is really difficult to
control the stability of the rolling process. What counts the
most is above all the experience and high involvement of
workers at each working stand (ULEWICZ, 2003).
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