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ABSTRACT

The paper describes principles of factorial and fractional factorial design of experiments. The
various ways of analysing data obtained by these procedures are shown via four case studies.
Y ates method was followed in case 1 where the effect of anode type, carbon content of steel,
temperature, and agitation on cathodic protection of steel in seawater, on current density, was
studied. In case 2, aglasswas formulated within 10 constituante melted, quantity water and tested
for flow caracteristics, from the result the factor effect was calculated. In case 3, analysis of results
is done in a very simple way. In this case, the effect of carbon content, surface condition,
temperature, and agitation on the corrosion of steel in seawater was studied. In case 4, the effect of
eleven constituents on acid resistance of a cast iron enamel has been studied through sixteen
experimental compositions. This case gives a method to find out which of the sixteen experimental
compositionsis nearest to atarget value.

Keywords: statistical design of experiment, material research.

1. INTRODUCTION

Design of experiments is an advanced statistical tool to study efficiently the effect of
a large number of variables with a minimum effort in data collection. The genera
framework of the design is shown below in Table 1. The inputs and outputs are described
as factors and responses and the experimental settings of the factors are designed with
orthogonal arrays,; statistica means are available for analysis of the response data. This
method can give maximum amount of information with a given amount of experimental
data, in other words, a certain amount of information can be obtained through a number
of experiments.

2. BASICTHEORY

The simplest method of experimental design is the one dimensiona search i.e. one
parameter fixed at atime. This method, which is time consuming and not very efficient, is
now gradually being replaced by factoria design methodology introduced by Fiscer
(1960). A factoria experiment is one in which the effects of a number of different factors
are investigated simultaneoudly, rather than conducting a series of single factor
experiments. The theory and application of factorial design methodology and aso some
other design approaches can be found in books and articles (Cochran, et al., 1957, Box, et
a., 1978, Kempthorn, 1979). One of the well known fractiona factoriad design
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approaches is the orthogonal array design. Taguchi, a Japanese engineer who has been
active in the quality improvement of Japan’s industrial products and processes since the
late 1940s, has developed both a philosophy and methodology based on orthogonal
arrays, essentially highly fractionlised factoria design (Sons, 1988).
A L.s(2") orthogonal array indicates a total of 16 experiments designed with four
factors each at two level of settings. The experimental conditions for this array is
illustrated in Table 1. The *-* and ‘+’ indicate the ‘low’ and *high’ settings of each factor
i.e. A, B, C, D. The treatment combination indicates the main effect or interactions
among the four factors. Thus, for:
= Null effect, having al n factor at low levels.
= Main effect, having only one factor at high level al otherslow i.e. A only high; B only
high; etc.

= 2-factor interactions; having two factors at a time high, al others low, i.e. A and B
high; A and C high; B and C high; etc.

= 3-factor interactions; having three factors a atime high, al otherslow, i.e. A, B and C
high; A, C and D high; A, B and D high; etc... and so on, up to,

» n-factor interactions where dl n factors are at high level.

In case study 1, the four factor for cathodic protection of steel evaluated, are listed
in Table 2. In order to measure all the interactions among these four factors for a two
level factorial experiment, the L,5(2) array was chosen. In this case the response
measured was current density (mA/nt).

The response can be analysed for dtatistical significance by various methods (Davis,
1978). The F-test is very common and widely used. A convenient technique to find the F-
values was formulated by Yates (1937). The step-by-step numerical procedure is
schematically indicated in Table 3, in which P and Q are the two sets of replicate test
values, Risther sum; S, Tand U are intermediate steps in the computation of the total
effects V; and Wis the sum of squares, from which the F-values are calculated as:

W

F=W ®
EMS
In equation (1), EMS isthe error mean sgquare, obtained as follows:
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The F-values are then checked againts F-Distribution Tables for various levels of
significance for different combinations of the degrees of freedom of the two-variables
concerned at atime. For the 2 factorid design, the degree of freedom V; and \, are 1
and 15 respectively, and levels of significance are known to be as follows:

If F-valuesisless than: The effect is significant for:
143 Upper 25%
3.07 Upper 10%
454 Upper 5%
8.68 Upper 1%

The larger the F-value, the smaller is the level and hence stronger is the significance.
Usually the upper 5% and 1% levels are considered sufficiently strong in significance in
scientific investigations.

3. CASE STUDIESOF USE OF DESIGN OF EXPERIMENT

3.1 Case Study 1

Factoria experiments were done to study the effects of four factors (anode type,
carbon content of steel, temperature, and agitation) and all the interactions among these
four factors for each factor at two levels (Zn/Al for anode type, 0.06%/0.43% for carbon
content of sted, 20°C/32°C for temperature, and nolyes for agitation) (Ho, 1987). The
response measured was current density (mA/nf). The data for the 16 duplicate specimens
for the current density measured, the results and the computed F-values are listed in Table 4.

The factors and interactions that are significant at various levels are grouped and
shown in Table 5.

3.2 Case Study 2

Sixteen samples were obtained with factor combinations set according to Table 6.
After melting and quenching in water they were tested for flow. Measured of flow is
analysed with reference to every single additive (factor). The average of the first eight
measurements reflects the response level when factor TiO, is at higher leve, y, ,

Y, =(1546 +1545 +x+1600)/8 =1576.5
and the average response when factor TiO; is &t lower, Y, ,
¥, = (1558 +1550 +--- +1498 /8 =1489.9 .

Thus the effect of raising the level of factor TiO, from lower to higher is an increase in
the response amountingto y, - y, =91.6. Similar calculations are carried out for each
of the other factors B,O5, Na,0, ..., Na,SFg, and the result are shown in Table 7.

3.3 Case Study 3

This case shows how analysis of results can be done in a much smpler way (Ho and
Roy, 1994). The corrosion of sted in tropica sea water was studied in this case. The
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effects of carbon content, surface condition, temperature, and agitation on the corrosion
of sted in sea water were studied under laboratory conditions. Each of the four factors
was studied at two levels. carbon content (0.06/0.43 wt-%), surface preparation method
(dry blasted/wet blasted), temperature (20/30°C), and agitation (with/without). The
corrosion rates of the 16 pairs of samples studied in the laboratory are given in Table 8.
The effect of agitation on corrosion based on the differences in the average corrosion
rates obtained from these experiments in which the agitation changes and other condition
are the same, is given in Table 9. It can be seen from Table 9 that agitation increased the
rate usudly by 70-100%, the effect being greater for the dry blasted specimens and
particularly small for wet blasted specimens at the higher temperature.

3.4 Case Study 4

In this case, a method has been sugested to find out which of the sixteen samplesis
nearest to a target (Roy, 1985). Acid resistence of sixteen cast iron enamel each having
Al,Os, CaF,, BaO, ZrO,, PO, B,Gs, TiO,, Li,O, Ca0, N&0O, and SO, have been studied
using a specid design of composition. Following the design sixteen oxide compositions
were caculated. The oxide compositions were then converted into batch composition.
The sixteen batches were weighed and each melted in a fireclay crucible in an eectric
furnace. The molten mass was poured in cold water. The frit was then ground in a ball
mill sieved and the powdered enamel was used to determine its acid resistance. The
sixteen experimental compositions are shown in Table 10 and the results of acid
resistance are also shown in that table. The target value was set as 30 for weight loss. The
deviation from target was calculated and is given in the same table. A scheme was set to
caculate a pendty value from each value of deviation from target. For deviation of 30,
70, 100, and 1000 the pendties were set as 1, 2, 3, and 4. The calculated pendlties for
each of the sixteen compositions can be seen in Table 10. Sample no. 7 has the lowest
penalty value and hence is nearest to the target.

4. CONCLUDING REMARKS

= The statistical design of experimentsis found very useful in materia research.

» The data obtained from statistical design of experiments can be anaysed by Yates
method (case 1).

= The datistical design of experiments offer means to find out the effect of factors in
such away that even non-statistician can be use it (case 2 and 3).

= Development of materials with target properties can be done effectively by use of
statistical design of experiments (case 4).
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APPENDI X

Table 1. Experimental Condition for 2* Factorial Design

Treatment Experimental Conditions
No. Combination B C D
1 1 + - - -
2 a - - - -
3 b + + - -
4 ab - + - -
5 c + - + -
6 ac - - + -
7 bc + + + -
8 abc -+ F -
9 d + - - +
10 ad - - - +
11 bd + + - +
12 abd - + - +
13 cd + - + +
14 acd - - + +
15 bcd + + + +
16 abcd - + + +

Table2. Factorsand Levelsin The Laboratory Investigation on Cathodic Protection
of Sted in Seawater by Sacrificial Anodes

Designation Factor -Leve (“Low” or “1") + Level (“High” or “2")
A Anodetype Zn Al
B Carbon content 0.06% 0.43%
C Temperature 20°C k7O
D Agitation No Yes

Table 3. Determination of F-Values for 2 Factorial Design of Experiment

2 Rephications | Sum Inicrmediate Sieps ] T F-¥al
No|Condition| P | @, |R=P+0, g, T, 0, Toral Effect Vi |WeViB? | g awyems
| I POL| 01 RO1 | SO=RH+R02 | TOI=S01+502 | UDT=TOLI+T02 | VOl=LO01+UD2 | W01 FOl
2 i poz | Qo2 Rl | S02=RO3R04 | TOZ=5034504 | DOZ=TO34T04 | VO2=U03+004 | W2 FI2
3 b |PO3| Q03 | RO3 | SO3=ROSRO6 | TO3=S05+506 | UD3=TOS4Ti6 | VI3=U05+U06 | W3 Fo3
4 aby P i R4 | SOd=ROT+R0E | TI4=S0T+508 | I=TO7+T08 | V=07 08 | Wi HH
5 £ PO5 | O RO3 | SO5=ROOGRL0 | TOS=S0045 10 | UDS=TI0T10 | VIS=U004 L0 | WDS Fis
[ B PG| O RO6 | SO6=RIT+RIZ| TGS 14512 | Ue=THI=TI2 | VOG=ULI+02 | WG i
g he T OO ROT | SO7T=R13+R14 | TOT=S134514 | UOT=TI3TI4 | VOTU14 U114 | WOT HiT
8| abe |POS| (X8 ROB | S0B=R1S+R16 | TO8=8154516 | DOE=TI5T16 | VOR=UI1540116 | WOR g
] ¢ (MO 0 | R | SO0-ROCROD | TOO=S07-501 | UD=TOZ-TON | VOO=T02-U01 | Wie Rl
10 ad PlO| QD RIth | SI0=Ri4-RO3 | T10=504-503 | UI0=T04-TOI | VI0=U04003 | WI0 Fli
Il bd PIL| Ol RI1 | S11=ROG-ROS | TU=506-505 | UL1=T06-TOS | VII=U06-U05 | Wit Fil
12 abd  |PLZ| Q12 R12 | S12=ROS-ROT | T12=508-507 | U1 2=T08-TO7 | V12=UI08-107 |  Wi2 Fl12
13| o P13 (3 B3 | S13eR10-B00 | T13=810-509 | UE3=TI0-T0 | VI3=INo0ng | wi3 Fl13
14| med |PE4| QI4 | RI4 | SI=RIZ-RID | TI4=S12-501 | UL4=TI2-T1 | VI=TNZULL | W4 Fia
15 bed |PES| OJE5 RI5 | 515=RI4-RI3 | T15=514-813 | UI5=T14-TI3 | VIF=UI4-U12 | WI5 F15
16| abed |PI6| QI6 | RI6 | S16=RI6-RIS | TI6=816-515 | Ul6wTI6-TI5 | VIsaUI6-U1S5 | Wit Fl6
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Table 4. Result and F-values

Sample | Treatment |Anode | Steel Seawater Agitation | Current Density
Combination { Type | Type| Temperature (mA/m’) F-Value
(%) &Y) Rep. 1 | Rep. 2
1 1 Zn |0.06 20 No 258.0 | 230.8 -
2 a Al |0.06 20 No 779.2 | 818.4 | 3694.1
3 b Zn |043 20 No 199.0 | 198.8 | 269.7
4 ab Al | 043 20 No 681.8 | 658.1 | 734
5 c Zn |0.06 32 No 419.3 | 396.0 | 586.6
6 ac Al | 0.06 32 No 1060.41122.0f 159
7 be Zn |043 32 No 289.6 | 306.9 | 0.40
8 abc Al | 043 32 No 878.4 | 880.5 | 13.2
9 d Zn |0.06 20 Yes 1483 | 1384 | 0.76
10 ad Al |0.06 20 Yes 937.7 | 917.0 | 3.05
11 bd Zn (043 20 Yes 1322 | 1063 | 13.3
12 abd Al | 043 20 Yes 541.3 | 485.0 | 143
13 cd Zn | 0.06 32 Yes 4314 | 4793 | 204
14 acd Al |[0.06 32 Yes 1172.8(1074.7| 4.77
15 bed Zn 043 32 Yes 330.2 | 329.2 9.9
16 abcd Al 1043 32 Yes 902.3 | 915.6 | 17.0

Table5. Levelsof Significancefor Various Factors and I nteractions

Response Significant at 1% Level Significant at 5% Level | Significant at 10% Level
(F >8.68) (F=4.54 t0 8.68) (F=3.07 to 4.54)
Current | A, B, C, AB, AC,BD, CD, ACD AD
Density ABC, ABD, BCD, ABCD
Table 6. Composition of Sixteen Glassesand Their Properties
TiO, | B2Os | NayO | ZnO | Li,0 | Al,Os | PhO | Ca0 | CaF, | NaySiFs OE’;)C')W
1 124 | 37| 113 | 08 | 16 | 57 | 116 | 08 | 55 10.2 99.5
2| 124 | 37| 113 | 08 | 16 | 57 | 96 | 0.0 | 45 7.0 100.0
3| 124 | 37| 113 [ 00 | 07| 47 |116| 08 | 55 7.0 91.0
4 124 | 37 | 113 ]| 00 | 07 | 47 | 96 | 00 | 45 10.2 82.5
5 124 27| 93 [ 08 | 1.6 | 47 |116| 08 | 45 10.2 97.0
6| 124 | 27| 93 [ 08 | 16 | 47 | 96 | 0.0 | 55 7.0 96.0
71 124 27| 93 [ 00 | 07| 57 | 116 | 08 | 45 7.0 100.0
8l 124 | 27| 93 [ 00 | 07| 57 | 96 | 0.0 | 55 10.2 97.0
9 84 | 37| 93 [ 08 | 07| 57 |116| 00 | 55 10.2 92,5
100 84 | 37| 93 | 08| 07| 57 | 96 | 08 | 45 7.0 84.0
11| 84 | 37| 93 | 00| 16 | 47 |116]| 00 | 55 7.0 80.5
12| 84 | 37| 93 | 00| 16 | 47 | 96 | 0.8 | 45 10.2 84.0
13 84 | 27 | 113 | 08 | 07 | 47 | 116 | 0.0 | 45 10.2 89.0
14| 84 | 27 | 113 | 08 | 07 | 47 | 96 | 0.8 | 55 7.0 715
15| 84 | 27| 113 | 00 | 16 | 57 | 116 | 0.0 | 45 7.0 77.5
16| 84 | 27 | 113 | 00 | 16 | 57 | 96 | 0.8 | 55 10.2 88.0
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Table 7. Summary of Factor Effectson Flow

Additive

TiO;

B-.O3 | Na,O

Zn0O

Li,O

Al,03 | PbO

CaO

CaF,

Na28| Fg

Flow

91.6

199 | -66.9

-15.1

7.6

334 | 34

126

6.4

Table 8. Results of Corrosion of Steel in Sea Water (Laboratory Test)

o Curbon Surface Corrosion rate {m ar
SPCI:'IL"M Content | Preparation L ( r}‘”‘m Agitation : - HIEWo)
" {(wi-%) mathod Beplica | | Replica2 | Average
1 0.06 | Dry blasted 20 No (131 0.120 0.126
2 0.43 | Dry blasted 20 No 0,095 0.098 o.0a7
3 .06 | Wet blasted 20 No 0,126 0111 (119
4 043 | Wet blasted 20 No 0,127 0092 0110
s | 006 |Diyblased | 32 | No | 0255 | 0261 | 0258
] 043 | Dry blasted 32 No 0.181 0,196 0,189
7 006 | Wet blasted 32 No 0,225 2.:231 0,228
B 043 | Wet blasted iz No 0.170 0174 0.172
9 0.06 | Dry blasted 20 Yes 0.217 0.212 0.215
10 043 | Dry blasted 20 Yes 0.225 0198 0212
11 006 | Wet blasted 20 Yes 0.137 0164 0.151
12 (.43 | Wet blasted 20 Yes 0,200 0177 0.189
13 0.06 | Dry blasted 32 Yes 0.378 0.524 0.451
14 043 | Dry blusted 32 Yes 0,290 0.291 0.291
15 0.06 | Wet blasted i Yes 0.283 (1243 0.263
16 043 | Wet blasted 32 Yes 0.197 (.181 0.189

Table9. The Effect of Agitation on Corrosion Rate

Experiment Condition Change in Corrosion Rate (%)
At20°C
1-9 Dry blasted, 0.06%C +70.6
3-11 Wet blasted, 0.06%C +26.9
2-10 Dry blasted, 0.43%C +118.6
4-12 Wet blasted, 0.43%C +71.8
At32°C
5-13 Dry blasted, 0.06%C +74.8
7-15 Wet blasted, 0.06%C +15.4
6-14 Dry blasted, 0.43%C +54.0
8-16 Wet blasted, 0.43%C +10.0
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Table 10. Composition of the Sixteen Enamels, Weight L oss Dueto Acid, Deviation
from Target, and Penalty for Deviation

- . ) Weight Loss: | Deviation Penalry
Sample | Al | CaFs | Bad | Zr0y; | PbO | B0y | Tk | Liy0 | Cal | Si0y | N&D | Dpe o Acid | fom Tarpet | for Deviation

1 106 | 433 | 68 |IBIZ0 26 (1003 0024] 44 | 124 | 20075 | 12,98 415 385 332
2 60 (453 60 |1832) 26 [1005) 724 [ 44 | 10O | 2688|1298 215 i8S o9
3 706 (383 | 60 (1522 26 [ 815 | LL24| 10 | 124 | 2768|1298 52 2 03
4 60 |3BY (68 (1B22) 26 | B15| 724 | 10 | L0 |32.18| 1298 5 26 (.87
5 706 | 383 | 68 | IR L0 (15| 1024 44 | 1O | 253 [ 110 85 53 163
& 6.0 | 383 [ 60 (1822 0O |MLIS| 724 [ 44 | L24(3092) 110 e (2] 1.95
7 706 | 453 ] 6.0 | 1822) Lo | 805 1024 O 1O | 308 | 11O A7 17 57
B 60 | 453 | 6.8 (1822 1.0 | 315 | 724 | LO [ 1324 3482 11D 19 19 [LXiE
o 60 | 453 0.8 | 1o | LD | 00511024 ) 4.4 | 124 | 20000 | 1298 47 17 058
| 706 [ 453 60 | 160 | 10 | HUS{ 724 | 44 | LD {3304 | 1298 36 26 8T
1 G0 3B [ 60 ) 160 ] 10 [ 815 1IL24[ LD [ 124 | 2006 12498 1l &l 23
12| 706 | 383 [ 68 | 160 [ 10 | 815 | 724 | 10 | 1O (315401298 152 133 3z
13 60 | 3E3 | 68 | 160 ) 26 [100S)1L24| 44 Lo (3038 110 48 18 (1.
14 b | 3H3 | 60 160 | 26 1005|724 [ 44 [ 024 | 3588] 1LO A4 Ifi 053
15 6.0 | 453 60 | 160 | 26 | .15 | L0L24[ 10 | 10 |2908] 110 (1] n 2.0
I | Tt | 4353 68 [ 160§ 26 | 815 [ 724 | 00 | 1.24 | 3098) 110 1k 83 2.43
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