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A Comparison of Commercial Design of Experiment
Software Programs for the Analysis of

Durability Data

....

A Olusanya, K Tully, Richard Mera and William R Broughton
National Physical Laboratory

..

ABSTRACT

.

Following the success of the design of experiments technique, DOE, in providing optimal
solutions for manufacturing case studies carried out in a previous research project, MTS
Adhesive Project 5: Measurements for Optimising Adhesives Processing(l), the DOE techniques
were felt to provide a basis for the determination of the critical environmental factors and the
relationship between these factors for durability tests on adhesive joints. A large number of
commercial DOE software programs are available. In this report a number of these programs
are compared to a proprietary program XYRATEX-AGSS. The results indicate that comparing
DOE programs is not straightforward. The program specific organisation of the factors within
the arrays in these software programs requires that the user ~ be aware of the representation
of the 'standard' arrays within their chosen software package especially when cross referencing
data with other workers using a different utility.

.......

The second part of this report uses DOE techniques to analyse a durability study of A\!
single part epoxy adliesive using single perforated lap joints tests and a full factorial analysis

rl19..

This result of this study indicates;

.

i) the number df holes introduced after the initial perforation does not have a major effect
on the failur~ load; i.e. there is no accelerated degradation due to the penetration of
moisture into! the adhesive due to the perforations

...

there is no r¥uction of the structural integrity with the introduction of more than
perforation iI1to the lap joint

ii) one

.

temperature ~d time factors seem to have the greatest influence on the adhesive
durability.

jointiii)

........ 4



..



.

NPL REPORT CMMT(A)98
February 1998

..

2 EXPERIMENTAL

.

The matrix selected Ifor the experimental analysis was a Taguchi L16 -with fifteen factors
sixteen experimental runs. For the application studied, steel plate bonding, only ten fa
were assessed and thus only ten of the fifteen columns were populated (Table 2).

....................

Table 2 -Representation of a Taguchi L16 array

.

The commercial packages assign an experiment array on the basis of the number of fa
selected by the userl Therefore, in the programs where a choice was possible, a Taguch
array was manually selected and edited to correspond to the AGSS array. Where this wa:
possible, the defining equations for the respective model as developed by Hall and Twine2
used to calculate the results for the experimental runs to correspond to the AGSS array.

:tors

L16
notNere

........ 6.
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6 ANALYSIS OF AN ADHESIVE LAP JOINT DURABILITY STUDY

.

This section of this report discusses the use of DOE techniques to assess analytically a durat
study of A Vl19 single part epoxy adhesive using simple lap joints tests. A full fact~
approach was used to establish the relationship between the main factors and their interact
over a time period which would be representative for the development of an accelerated ag
test programme. This approach was used to aid in the evaluation of:

)ilityDnal:ionsemg

..

i) the potential of using a partial factorial system if a mathematical relationship
could be established between the factors

.

ii) short tenn data from a durability study capable of describing long tenn effects

The full factorial matrix was analysed using Microsoft Excel Version 7 spreadsheet software

..

7 EXPERIMENTAL

.

Single lap joints were made from mild rolled CR1 steel adherend, supplied by British Steel
and with A Vl19 single part epoxy adhesive cured at 140°C for 75 minutes. The adhesive
supplied by Ciba Specialty Chemicals. The test consisted of tensile loading a single lap f
under ambient condition (23°C, 50% RH) at 1mm1min using an Instron 1196 test machine.
single lap joint consisted of two rectangular sections, 25 mm wide, 100rnrn long and 1.~
thick, bonded together, with an overlap length of 25 rom. The bondline, 0.25 rnrn thick
controlled using 1 % by weight of 250 ~m ballantic glass beads mixed with the adhesive
addition to standard single lap joints, one to three, 3 mm diameter holes, were drilled thr<
the cured lap joint specimens to increase the degradation rate of the adhesive due to incre
exposure to moisture. These holes were placed in the central low stress area of the joint ove
confirmed by finite element modelling. The joints were immersed in distilled water for up t
days at three test temperatures, 25, 40 and 60°C.

l 

PIc
was
joint
The,rom

was
.In

)ughased

:rIap042

....cificklingbical

The average failure load per unit width was calculated from five repeat tests at each spe
time, temperature and selected number of holes. No allowance for the reduction of bon
area was made to the areas calculated for the drilled specimens. A representation of a tYl
three hole perforated lap joint can be seen in Figure 1.

..

RESULTS AND DISCUSSION8

..

The average failure load values were analysed using a full factorial array for 0, 7, 14, 21 and 42
days using the Microsoft Excel V7 spreadsheet program. Table 5 shows the full matrix of Itests
including; factors, levels, interactions and the resultant failure data I

..

Following this analysis, a number of hypotheses were tested.

.
Can valid data be predicted for intennediate time periods i.e. 3 days; and

.
2) Can subsets of data give a representative picture for the system.

.. 9
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Table 5:Full Factorial Matrix of Durability Study of A VU9/CRI steel lap joints.
9 ANALYSIS

...

Predicted values for data at 3 days at the three test temperatures and the requisite numb
holes were calculated from the three constitutive equations which were derived from thc
experimental matrix. The coefficients of these equations are given in Table 6. The three I
regression graphs showing the effect of the main experimental factors, time, the number of I
and temperature on the failure load per unit area are shown in Figures 2a, 2b and 2c.

er of
~ fullmeartIoles

...

Factor Coefficient
-4.45

InterceDt I

I 249.00

.

Number of Holes I

-1.61

-1.83

Temoerature 300.00
259.23

.

Time

.

Table 6: Linear regression coefficients for full factorial durability study.

These are:

.

Number of holes

..

Failure load (N/mm) (-4.45 x number of holes) + 249 (1)=

.

Temperature

.

Failure load

-1.61 

x temperature) + 300.00 (2)=

.

and

.

Time -1.83 x time) + 259.23 (3)=

.

Which for three days Equation (3) is

.

Equation 3

.

-1.83 x 3 + 259.23 = 253.74 N/mm=

.

The predicted failure load can be calculated from the three constitutive equations usinJg the
grand average perf9rmance (GAP) value from the full factorial experiment as shown by
equation 4. I

..

For this experiment the GAP was 242 N/mm.

..

Failure strength 9= GAP + (No Holes- GAP) + (Temp- GAP) + (Time- GAP)
I

i I Equation (1) Equation (2) Equation (3)
(4)

..

The results from this analysis are summarised in Table 4 and a comparison with me~
experimental data is shown in Figure 3.

;ured.... 12.
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.Temperature Number of 'Measured Failure Predicted.
(OC) Holes load failure load I

(N/mm) (N/mm) i

.

25
25
25
25

0
1
2
3

291
263
262
295

255
251
246
241

..

40
40
40
40

0
1
2
3

228
272
260
243

231
226
222
218

...

60
60
60
60

0
1
2
3

211
216
208
207

199
194
190
185

....

)rialTable 6: Calculation of failure load values after 3 days using coefficients of full fact<
equation.

.

The data in Table 6, in combination with the data presented in Figure 2a indicate that fd
main factors acting independently:

the

.

i) the number of holes introduced after the initial hole does not have a major effect on the
failure load; i.e. there is no accelerated degradation due to the penetration of moisture
into the adhesive.

..

ii) the temperature and the time factors seem to have the greatest influence on

experimental parameters.
the

.I. 

of a

dby
the
ate

ture
canJiture

~9-

The understanding of the interaction between the factors is essential for the development
reliable accelerated ageing regime. The interaction between the main factors can be assess(
use of factor interaction parameters. Figures 4 to 6 show the average interaction effects a
three combinations of parameters. These average values can be resolved into their sep
setting levels for all combinations of interaction Thus for temperature and time, temper
and the number of holes and time and the number of holes, the degree of factor interactioI
be qualified. These factor interactions are shown in Figure 7 -Interaction between Temper
and Time, Figure 8 -Interaction between the number of holes and temperature, and Figur
Interaction between the number of holes and time.

....

Figure 7 shows an increase in the failure load for the 60°C experimental data after 21 days.
increase could be due to be an increase in the plasticisation of the adhesive within the bu
the joint, thereby relieving the stress at the joint ends. This increase in failure load is confil
by work reported recently by ABA Harwell5. This increase after 21 days at 60 °c mak
difficult to model the system and the chart indicates an interaction between temperature
time. However there is no indication of any increase in the failure load at lower temperat1J
To confirm whether this effect will occur at lower temperatures or at a faster rate at ele~
temperatures, further experimental data needs to be collected at extended time periods.

This
lk ofmed:es 

it
andIres.rated

.. 15
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Figure 8 indicates that there is minimal interaction between the number of holes j
temperature, within experimental error. Figure 9 indicates that the remaining interaJ
between the number of holes and time is not subject to any interaction. The data for the
joints is not normalised. That is to say that the area removed by the holes has not been t~
into account when calculating the failure load per unit width. The physical effect of perfora
the lap joint can be seen from the change in failure load from time zero for an unperforated j
compared to the very similar failure loads for perforated joints, Figure 9. It appears that tI
mrn diameter holes that are introduced to increase the rate of diffusion of moisture into th.:. ~
have minimal effect on the joint failure strength in the period of exposure examined. l~
probably due to the placement of the holes which are in the unstressed area of the joint.
found that the critical area for failure to occur in a lap joint is at stress concentrated areas w]
are at the comers of the joint. As the holes are relatively a large distance apart the effect 01
holes is rapidly reduced after the initial hole is introduced into the system. This is shown b~
change in the data in Figure 9 at zero time. !

and

~tionI 

lap

~en
lting
joint~e 

3

jointis 
is

[t is
~ich: 
therthe

........

Tests which are currently being conducted on single lap joint specimens with 4 mm diarn
holes are showing a significant ageing effect compared to the smaller 3 mm perforations.

leter

.

The large increase in the failure load at 60°C and 21 days requires confirmation from l
~term tests at 25 and 40°C to determine if this is valid as regards an accelerated efti

Experimentally this increase and subsequent decrease in failure load is confirmed by pre
work5. ' ,

.

~gerct.lolls

...

10 ANALYSIS OF AN ADHESIVE LAP JOINT DURABILITY -CONCLUSIONS

..

This design of experiments study indicates;

.I 

thetCedi) the number of holes introduced after the initial hole does not have a major effect 011
failure load; i.e. there is minimal accelerated degradation due to the enhal
penetration of moisture into the adhesive due to the presence of 3 rom diameter hole

..

ii) there is no reduction of the structural integrity with the introduction of more than I
hole into the lap joint 1

one..

the temperature and time factors seem to have the greatest influence on the experime

parameters.

ntal

iii)

..

Confirmation of an accelerated test regime based on a time-temperature relationship woulc
realised from a series of parallel curves for each test temperature. Taking into consideration'
there are some experimental anomalies which to be assessed by further experiments at lo~
times and elevated temperatures, the relationship between time and temperature indicates!
these factors form the basis of an accelerated ageing test regime. 1

I 

be
that

~ger
that

....... 22.
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1.0 FOREWORD

...

The perfonnance of adhesive bonds is often considered to be too variable for all but the

.

least demanding of applications or those where there is no alternative joining technology and

.

the industry has sufficient expertise to assure adequate design margin (eg. aerospace). Tt

le

variation seen is often due to lack of knowledge and control of critical variables in the joint

.

manufacturing and testing processes. Such variation can be magnified by durability testing to

.

a point where no statistically valid conclusions can be made even though significant time,

.

effon and com have usuaUy been expended.

.

This report forms part of Milestone 2 in Project 3 of the 1996. 1999 DTI initiated and

.

funded MTS Adhesives Programme. Milestone 2 (Statistical Methods and Analytical Models)

.

is to identify and verify statistical methods that could be suitable for the design of durability

.

experiments and subsequent data analysis. The objective of the work detailed in this report

.

was to develop a series of data sets of increasing complexity that could be used to

evaluate a number of Design of Experiments software packages.

...... 2.
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2.0 REPORT

..

The data sets were produced by mathematical modelling of results from a case study of

.

steel plate bonding for bridge reinforcement that formed part of the DTI funded 1993 -1996

.

Performance of Adhesive Joints programme (see ref 3.1).

.

This case study used a fractional factorial experimental matrix to investigate the effect of

.

ten control factors, each at two levels, on the bond strength of steel to steel plates using

.

two part epoxy adhesive systems. Analysis of the experimental results showed that five of

.

the ten factors were found to have a significant effect on the bond strength, as follows:

..

Factor A -Adhesive Type

.

Factor D -Relative Humidity

.

-Solvent Cleaning of the Steel SubstrateFactor G

.

Factor -Vacuum Cleaning of the Steel Substrate

.

Factor J -Cure Time before Testing

..

The analysis derived constants that relate to the significance of each factor on the bond

.

strength. These constants were then used to produce four data sets based on models of

.

increasing complexity, as follows:

..

-a simple exact model using only the most significant factorModel 1

.

(J) with no variability.

.

Model 2 -a model that still only uses factor J but adds variability

.

based on a nonnal distribution around the mean (the

.

distribution is based on the variation found in the results

.

from the case study).

.
-a more complex model using all the significant factorsModel 3

and J) with no variability.

.
(A, D,G,

. 3.



....

Model 4 -As per Model 3 but with variability added.

..

The equations derived for the four models are given in Appendix 1. From these equations

.

data sets were calculated and are shown in Appendix 2 together with the experimental

.

matrix design. For comparison purposes analysis of these data sets by the AGSS software

.

package used at Xyratex is also included in Appendix 2.

..

It should be noted that the experimental matrix design applied to these models was from the

AGSS software package which used the first 10 columns of a 15 column/16 run matrix.

.

This matrix is a classic design but the order of the columns does vary in different reference

.

tomes (see Appendix 3). Clearly the order might vary across different software packages so

.

when comparing these packages it is important to force the same order to the matrix design

.

for a fair comparison of the analysis capabilities. This is particularly necessary for models

.

and 4 where variability has been introduced.

................. 4.
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APPENDIX 1

EQUATIONS USED TO MODEL FOUR DATA SETS FOR EVALUATION OF DESIGN OF
I

EXPERIMENTS SOFTWARE PACKAGES:

Factor J only. no variabilityMODEL 1:

The generic equation for the models is:

Y=u+a.J
where Y is the bond pull-off force, u is the average, a. is a constant

related to the effect of factor J, and J is either -1 or +1 depending on

level setting 1 or 2 used in the experiment (re the model matrices

supplied, level 1 = -1 and level 2 = +1). For Models 3 & 4 there are

unique constants that relate to the other factors incorporated into the

equations (ie. for A, D, G and I, in addition to J).

The equation with values for Model 1 is:

Y = 4.251 -1.225J

Factor J only, with variability.MODEL 2:

Y = 4.251 -1.225J + N(O,O.7)

where N(O,O.7) indicates a random error component distributed as a normal

distribution with mean offset of 0, and a standard deviation of 0.7.

and J. no variabilityFactors A, D, G,MODEL 3:

Y = 4.251 -0.466A -0.3740 -0.308G -0.7611 -1.225J

and J, with variabilityFactors A, D, G,MODEL 4:

Y = 4.251 -0.466A -0.3740 -0.308G -0.7611 -1.225J + N(O,O. 7)

6



APPENDIX 2

DATA SETS BASED ON THE MATHEMATICAL MODELS SHOWN IN APPENDIX 1 AND
I

AGSS AN.A.L YSIS OF THESE DATA SETS

MODEL 1: Factor J only, no variability.

FACTOR LEVEL MATRIX

J

1

1

2

2

1

1

2

2

2

2

1

1

2

2

1

1

DATA

5.476

5.476

3.026

3.026

5.476

5.476

3.026

3.026

3.026

3.026

5.476

5.476

3.026

3.026

5.476

5.476

I

1

2

2

1

1

2

2

1

2

1

1

2

2

1

1

2

G

1

2

1

2

2

1

2

1

2

1

2

1

1

2

1

2

H

1

1

1

1

2

2

2

2

2

2

2

2

1

1

1

1

E

1

2

2

1

2

1

1

2

2

1

1

2

1

2

2

1

F

1

1

2

2

2

2

1

1

2

2

1

1

1

1

2

2

C

1

1

2

"2

1

1

2

2

1

1

2

2

1

1

2

2

D

1

2

1

2

1

2

1

2

1

2

1

2

1

2

1

2

A

1

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

B

1

1

1

1

2

2

2

2

1

1

1

1

2

2

2

2

RUN

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

7



....

AGSS ANALYSIS OF MODEL 1

.

TABLE OF COEFFICiENTS

.

16 OBSERVATIONS R-SQUARED = 1 STANDARD ERROR = 0

.

11 VARIABLES ADJ R-SQUARED = 1

.

0.95 CONFIDENCE LIMITS
LOWER UPPER

4.251 4.251
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0

-2.45 -2.45

.

ESTIMATE
4.251
0
0
0
0
0
0
0
0
0

-2.45

STD ERR
0
0
0
0
0
0
0
0
0
0
0

T STAT
INF

SIG LEVEL
0
0
0
0
0
0
0
0
0
0
0

EFFECT
MEAN
A
B
C
0
E
F
G
H

.....

J

.

A small value of significance level, such as less than .01, suggests a significant effect. A relatively

.

large value, such as greater than .2, gives no evidence of a significant effect. When many

.

significance tests are perfonned, the significance levels should be viewed in context as a few of

.

them can be expected to be small due to chance alone.

.

ANAL Y515 OF VARIANCE

55 MS SIG LEVEL

.

FSOURCE OF

INF
It.JF
INF
INF
INF
INF
INF
INF
INF
INF

0
0
0
0
0
0
0
0
0
0

.

0
0
0
0
0
0
0
0
0

24.010
0

1.6007

1
1
1
1
1
1
1
1
1
1
5

15

0
0
0
0
0
0
0
0
0

24.010
0

24.010

A
B
C
0
E
F
G
H

....

J
ERROR
TOTAL

..

A small value of significance level, such as less than .01, suggests a significant effect. A relatively

.

large value, such as greater than .2. gives no evidence of a significant effect. When many

.

significance tests are performed. the significance levels should be viewed in context as a few of

.
them can be expected to be small due to chance alone.

...
8

.



MODEL 2: Factor J only, with variability.

FACTOR LEVEL MATRIX

G

1

2

1

2

2

1

2

1

2

1

2

1

1

2

1

2

H

1

1

1

1

2

2

2

2

2

2

2

2

1

1

1

1

I

1

2

2

1

1

2

2

1

2

1

1

2

2

1

1

2

J

1

1

2

2

1

1

DATA

6.769

5.086

2.159

3.409

6.667

C

1

1

2

2

1

1

2

2

1

1

2

2

1

1

2

2

D

1

2

1

2

1

2

1

2

1

2

1

2

1

2

1

2

E

1

2

2

1

2

1

1

2

2

1

1

2

1

2

2

1

F

1

1

2

2

2

2

1

1

2

2

1

1

1

1

2

2

RUN
1

A

1

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

B

1

1

1

1

2

2

2

2

1

1

1

1

2

2

2

2

2

3

4

5

6
7 2

2

2

2

2.421

2. 733

2.464

3.376

8

9

1011

12

13

14

15

1

2

2

1

1

3.289

3.597

5.362

4.93416
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....

AGSS ANALYSIS OF MODEL 2

..

TABLE OF COEFFICIENTS

.

16 OBSERVATIONS R-SQUARED = 0.974 STANDARD ERROR = 0.45724

.

11 VARIABLES ADJ R-SQUARED = 0.922

.

0.95 CONFIDENCE LIMITS

.

LOWER

4.0521

-0.98424

-0.25125

-1.4853

-0.52066

-1.0652

-0.40937

-0.79276

-0.5468

-1.2164

-3.4179

EFFECT

MEAN
A
B
C
D
E
F
G
H

ESTIMATE

4.3459
-0.39657

0.33642
-0.89762
0.067011

-0.47754
0.1783

-0.20509
0.040871
-0.62877
-2.8302

sm ERR

0.11431
0.22862
0.22862
0.22862
0.22862
0.22862
0.22862
0.22862
0.22862
0.22862
0.22862

T STAT

38.019

-1.7346
1.4715

-3.9263
0.29311
-2.0888
0.7799

-0.89707
0.17877
-0.7503

-12.38

SIG LEVEL

2.3719E-7
1.4333E-1
2.0112E-1
1.1112E-2
7.8121E-1
9.1040E-2
4.7074E-1
4. 1 079E~1
8.6513E-1
4.0297E-2
6.0935E-5

UPPER
4.6397
0.1911
0.92409

-0.30995
0.65468
0.11014
0.76597
0.38259
0.62854

-0.041095

-2.2426

.....

J

.

A small value of significance level, such as less than .01, suggests a significant effect. A relatively

.

large value, such as greater than .2, gives no evidence of a significant effect. When many

.

significance tests are performed, the significance levels should be viewed in context as a few of them

.

can be expected to be small due to chance alone.

.

ANALYSIS OF VARIANCE

.

SIG LEVEL

0.14333
0.20112
0.011112
0.78121
0.09104
0.47074
0.41079
0.86513
0.040297
0.000000935

SS

0.62907
0.45271
3.2229
0.017962
0.91216
0.12716
0.16824
0.0066818
1.5814

32.041
1.0453

40.205

MS

0.62907
0.45271
3.2229
0.017962
0.91216
0.12716
0.16824
0.0066818
1.5814

32.041
0.20907
2.6803

F

3.0089
2.1654

15.416
0.085915
4.363
0.60824
0.80473
0.03196
7.564~

153.26

SOU

A
B
C
D
E
F
G
H

OF

1
1
1
1
1
1
1
1
1
1
5

15

.....

J
ERROR
TOT" I,---I-

..

A small value of significance level, such as less than .01, suggests a significant effect. A relativel)

.

large value, such as greater than 2, gives no evidence of a significant effect. When many

.
significance tests are performed. the significance levels should be viewed in context as a few of them

.
can be expected to be small due to chance alone.

.. 10.
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MODEL 3: Factors A, 0, G, I and J, no variability.

FACTOR LEVEL MATRIX

G

1

2

1

2

2

1

2

1

2

1

2

1

1

2

1

2

H

1

1

1

1

2

2

2

2

2

2

2

2

1

1

1

1

I

1

2

2

1

1

2

2

1

2

1

1

2

2

1

1

2

J

1

1

2

2

1

1

2

2

2

2

1

1

2

2

1

1

DATA

7.385

4.499

3.413

3.571

6.769

5.115

A

1

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

B

1

1

1

1

2

2

2

2

1

1

1

1

2

2

2

2

C

1

1

2

2

1

1

2

2

1

1

2

2

1

1

2

2

D

1

2

1

2

1

2

1

2

1

2

1

2

1

2

1

2

E

1

2

2

1

2

1

1

2

2

1

1

2

1

2

2

1

F

1

1

2

2

2

2

1

1

2

2

1

1

1

1

2

2

RUN

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

4.187

1.865

3.255

5.837

4.183

2.639

6.453

3.567
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....

AGSS ANALYSIS OF MODEL 3

..

TABLE OF COEFFICIENTS

.

16 OBSERVATIONS R-SQUARED = 1 STANDARD ERROR = 0

.

11 VARIABLES ADJ R-SQUARED = 1

0.95 CONFIDENCE LIMITS

LOWER UPPER
4.251 4.251
-0.932 -0.932
0 0

0 0
-0.748 -0.748
0 0

0 0

-0.616 -0.616
.0 0

-1.522 -1.522
-2.45 -2.45

.

EFFECT
MEAN
A
B
C
D
E
F
G
H

ESTIMATE
4.2510

-0.932

0
0

-0.748
0
0

-0.616
0

-1.5220
-2.4500

STD ERR
0
0
0
0
0
0
0
0
0
0
0

T STAT
INF.
INF

SIG LEVEL
0
0

..

INF
INF

0
0

..

INF 0

.

lNF
INF

0
0J

.

A small value of significance level, such as less than .01, suggests a significant effect. A relatively

.

large value, such as greater than .2, gives no evidence of a significant. effect. When many

.

significance tests are performed, the significance levels should be viewed in context as a few of them

.

can be expected to be small due to chance alone.

..

ANALYSIS OF VARIANCE

.

OF
1
1
1
1
1
1
1
1
1
1
5

15

55
3.4745
0
0
2.2380
0
0
1.5178
0
9.2659

24.010
0

40.506

MS
3.4745
0
0
2.2380
0
0
1.5178
0
9.2659

24.0101
0
2.7004

F
INF
INF
INF
INF
INF
INF
INF
INF
INF
INF

SIG LEVEL
0
0
0
0
0
0
0
0
0
0

SOURCE
A
B
C
0
E
F
G
H

.....

J
ERROR
TOTAL

..

A small value of significance level, such as less than .01, suggests a significant effect. A relatively

.

large value, such as greater than .2, gives no evidence of a significant effect. When many

.
significance tests are perfonned, the significance levels should be viewed in context as a few of them

.
can be expected to be small due to chance alone.

.. 12.



......

MODEL 4: Fadors A, 0, G, and J, with variability.

...

FACTOR LEVEL MATRIX

.

I

1

2

2

1

1

2

2

1

2

1

1

2

2

1

1

2

J

1

1

2

:2

1

1

2

2

2

2

1

1

2

2

1

1

DAT./

8.67~

4.10~

2.54(

3.95~

7.96

6.74~

2.19:

3.89'

1.30:

3.60

5.73

3.49

2.74

3.2]

6.33

3.02

t\.RUN

1

2

3

4

5

6

7

A

1

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

B

1

1

1

1

2

2

2

2

1

1

1

1

2

2

2

2

C

1

1

2

2

1

1

2

2

1

1

2

2

1

1

2

2

D

1

2

1

2

1

2

1

2

1

2

1

2

1

2

1

2

E

1

2

2

1

2

1

1

2

2

1

1

2

1

2

2

1

F

1

1

2

2

2

2

1

1

2

2

1

1

1

1

2

2

G

1

2

1

2

2

1

2

1

2

1

2

1

1

2

1

2

H

1

1

1

1

2

2

2

2

2

2

2

2

1

1

1

1

..

)

..

)

.;>

z~

3

51

7

4

..

8

9

.

10

11

12

13

14

15

16

....95........... 13.



....

AGSS ANALYSIS OF MODEL 4

.

TABLE OF COEFFICIENTS

.

16 OBSERVATIONS R-SQUARED = 0.98461 STANDARD ERROR = 0.45724

.

11 VARIABLES ADJ R-SQUARED = 0.95383

0.95 CONFIDENCE LIMIT
LOWER UPPER
4.0521 4.6397
-1.9162 -0.7409

-0.25125 0.92409

-1.4853 -0.30995

-1.2687 -0.093316

-1.0652 0.11014

-0.40937 0.76597

-1.4088 -0.23341

-0.5468 0.62854
-2.7384 -1.5631

-3.4179 -2.2426

s.

EFFECT
MEAN
A
B
C
D
E
F
G
H
I
J

ESTIMATE
4.3459

-1.3286

0.33642

-0.89762
-0.68099
-0.47754
0.1783

-0.82109
0.040871
-2.1508

-2.8302

STD ERR
0.11431
0.22862
0.22862
0.22862
0.22862
0.22862
0.22862
0.22862
0.22862
0.22862
0.22862

T STAT
38.019

-5.8113
1.4715

-3.9263
-2.9787
-2.0888
0.7799

-3.5915
0.17877

-9.4076

-12.38

SIG LEVEL
2.3719E-7
2.1290E-3
2.0112E-1
1.1112E-2
3.0846E-2
9.1040E-2
4.7074E-1
1.5683E-2
8.6513E-1
2.2893E-4
6.0935E-5

.....

A small value of significance level, such as-less than .01, suggests a ~;ignificant effect. A relatively

.

large value, such as greater than .2, gives no evidence of a significant effect. When many

.

significance tests are perfonned, the significance levels should be vie1Ned in context as a few of them

.

can be expected to be small due to chance alone.

..

ANALYSIS OF VARIANCE

SS MS
7.0604 7.0604
0.45271 0.45271
3.2229 3.2229
1.855 1.855
0.91216' 0.91216
0.12716 0.12716
2.6967 2.6967
0.0066818 0.0066818

18.503 18.503
32.041 32.041

1.0453 0.20907
67.923 4.5282

.

SOURCE
A
B
C
D
E
F
G
H

OF
1
1
1
1
1
1
1
1
1
1
5

15

F
33.771
2.1654
15.416
8.8727
4.3Ei3
0.60824

12.8~19
0.0~~196

88.504
153.26

SIG LEVEL
0.002129
0.20112
0.011112
0.030846
0.09104
0.47074
0.015683
0.86513
0.00022893
0.000060935

....

J
ERROR
TOTAL

..

A small value of significance level, such as less than .01, suggests a ~;ignificant effect. A relatively

.

large value, such as greater than .2, gives no evidence of a significant effect. When many

.
significance tests are performed, the significance levels should be vie1Ned in context as a few of them

.
can be expected to be small due to chance alone.

.. 14.



....

APPENDIX 3

.

COMPARISON OF 15 FACTOR /16 RUN EXPERIMENTAL MATRIX DESIGNS

..

AGSS FACTOR LEVEL MATRIX

.

Run
1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

A

1

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

B

1

1

1

1

2

2

2

2

1

1

1

1

2

2

2

2

C

1

1

2

2

1

1

2

2

1

1

2

2

1

1

2

2.

D
1

2

1

2

1

2

1

2

1

2

1

2

1

2

1

2

E

1

2

2

1

2

1

1

2

2

1

1

2

1

2

2

1

F
1

1

2

2

2

2

1
1

2

2

.1

1

1

1

2

2

G

1

2

1

2

2

1

2

1

2

1

2

H
1

1

1

1

2

2
2

2

2

2

2

2

1

1

1

1

I
1

2
2

1

1

2
2

1

2

1

1

2

2

1

1

2

J

1

1

2

2

1

1

2

2

2

2

1

1

2

2

1

1

K

1

2

1

2

1

2

1

2

2

1

2

1

2

1

2

1

L

1

2

2

1

2

1

1

2

1

2

2

1

2

1
1

2

M

1

1
2

2

2

2

1

1
1

1

2

2

2

2

1

I

N

.,1

2

1

2

2

1

2

1

1

2

1

2

2

1

2

1

.........

1

2

1

2

...

Tag
MoD

G&D

A

H

H

D

B

D

D

C

D

B

B

H

A

A

0

0*

0*

0*

G

N

C

L*
L*

J*

N

.0

G

K

.

K

M

M

M

M

K

K

E

J*

J*

1*

I

1*
1*

F

F*

F*

J

E*

E*

F*

c*

.

N "'*

.

BInI B A N L G* H* F*

..

The experimental matrix shown above is the design from the AGSS software package used

.

by Xyratex. The organisation of the columns (A -0) in the AGSS matrix is compared

..

.3)

..

against designs from other classic references, as follows:

Tag -Taguchi; LI6(215) Matrix (see ref 3.2)

Mon -Montgomery; Table 9-9, Contrast Constants for the 24 Design (see ref 3

G&D -Grove & Davies; Table 3.2, Fifteen Contrasts for the Data (see ref 3.4)

BHH -Box, Hunter & Hunter; Table 10.7, Signs for C:alculating Effects for a 24

Factorial (see ref 3.5).

.
NB. * indicates that the column labelling for the factor/level is reversed (ie. 1 is 2 & 2 is

..
15

.
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Total Contribution From All Factors...

Current Grand Average OfPerfomlance...

Expected Result At Optimum Condition...

1.224

4.250
5.475

.....................
Qualitdc-4 Project.: MODELI.Q4W Usa-: yyy Date: 12-10-1997

...



............

Other/Error I 5 1.046 0.209 I

Total: 15 40.198 I 100.0000/0

...................
QuaIit«-4 Projed.: MODEL2.Q4W u~ yyy Date: 12-10-1997

...



8.

...........

Total Contribution From All Factors...
Current Grand Average Of Performance...

Expected Result At Optimum Condition...

3.028

4.346
7.374

.................
QuaIi1dc.-4 Proj~ MODEL2.Q4W Usa: yyy Date: 12-10-1997

...



............

Other/Error 5 -0.001 -0.001

Total: 15 40.506 100.0000/0

...................
Qualitel:. -4 Pmj62;: MODEl3.Q4W Usa:: yyy Date: 12-1~1997

...



............

Total Contribution From All Factors...

Current Grand Average Of Performance...

E~ted Result At Optimum Condition...

3.134
4.250
7.384

...................
QuaIttdc.-4 Proj~: MODEl3.Q4W Usa-: yyy Date: 12-10-1997

...



.....

I ~sOf

!Squares
7.059
0.452

3.222! 

1.856I! 

0.912

0.127

2.696

0.006

18.502
32.035

Factors DOF

I
I
1
I
I
I
1
1
1
I

Variance

7.059

0.452

3.222

1.856

0.912

0.127

2.696

0.006

18.502

32.035

F-Ratio

33.723
2.160

15.391

8.868

4.356

0.607
12.879
0.031

88.387

153.033

Pure Sum

6.850

0.242

3.012

1.647
0.702
0.000
2.486
0.000

18.293
31.826

Percent

10.086

0.357
4.435

2.425
1.034

0.000

3.661

0.000

26.934
46.860

.

I
2

3

4

5

6

7
8

9

10

Adh~-e T~
Adhesive Applicat
Resin to Har<kner

,Mix Humidity
i Open Time to Join

Cure TemJx:rature
Degreasing of Ste
Vacuum CICIning 0
Cure Time to Test
Steel Surface Con

......

I Other/Error 5 1.046 0.209 4.208

.

Total: 15 67.917 100.0000/0

..................
Qualit5. -4 Projed:: MODEL4.Q4W Usa: yyy

Date: 

12-10-1997

...



.,

...........

Total Contn"bution From All Factors...

Current Grand Average OfPerfonnance...

EXJx:Cted Result At Optimum Condition...

4.870

4.346
9.216

...................
Qualitdc -4 Proj~: MODEU.Q4W u~ yyy Date: 12-10-1997

...
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..

Sheet!

.

MODELl

..

ANOVA SUMMARY > > > )

Swn of Squares

(partial SS)

...> 

> > > df Mean Square F -rntio

~of
SignifiCaIICA:

.

Model
Main

EmIr
Total

24.01
0

24.01

10
5

15

2401

Undcfin
Undefin

Undefin Undefin

..

ANOV A SOURCES of V ARIAllON > > > > > ~ Smn of Squares df F -Ratio Significance

.

1OOOOOOOOO Adhesive

01OOOOOOOO Adhesive

00100000oo Resin 10

000100000o Mix Humid

0000100000 Open Time

0000010000 Cure Temp

(XX)OOOlOOO Degn:asin

00000oo 1 00 Vacunm Cl

OOOOOOOO10 Cure Time

OOOOOOOOO1 Steel Sur

0

0

0

0

0

0

0
0

0

24.01

1
1
1
1
I
1
1
1
1
1

Undefin
Undcfin
Undefin
Undefin
Undefin
Undefin
Undefin
Undcfin
Undefin
Undefin

Undefin
Undefin
Undetin
Undefin
Undetin
Undcfin
Undefin
Undefin
Undefin
Undefin

....

REGRESSION SUMMARY

.

Soun:e Sum of Squareo df Mean Squan:

.

Regression Model
Factors

Residuals-Total
LaI:k ofFU
Ptue Error

Tolab

24.01
0

0

0

24.01

10
5

5

0

IS

2.401
0

0

0

...

SIati'JIics F-Rabo Probability

.

MS-F actors/MS-Residuab
MS-Factors/MS-Pme EmIr
MS-Lack ofFitIMs-Pme EmIr

Undefined
Undefined
Undefined

Undcfined
Undefined
Undefined

..

Fitted Response
Bond Stn:ngtb

Standard Em>r
Undefined

df
5

.

Subgroups
Nwnber
AvcrageSize
M;nimum Size

Maximum Size

1
Undefined
Undefined

16
1
1
1

Coefficient of Detenninalion

R-squareci
R-squared, adjusted

Coefficient of Varialion

..

Fm"ED PARAMETERS > > > > > >. ..> > >

.

Soun:e I Parameter Levcb Coefficient Standard

&Tor
lransmilted Smn of Squares

Variance (partiaJ SS)
t-Ratio LevcI of

Significmce

.

~ Mean
1000000000Adhesiv
01 ()(XKXKkX) AlDJeSiv

00100000oo Resin t

000100000o MR Hum

0000100000 Open Ti

0000010000 C..., Te

00000o 1 000 DegJ1:as

00000oo1 00 Va:uwn

()(XKXKkX)lO Cure Ti

~1 Steel S

0
2
2
2
2
2
2
2
2
2
2

5.476
0
0

0

0
0

0
0

0

0

-245

Undcfined
Undefined
Undefined
Undefined
UJHiefined
Undefined
UJHiefined
Undefined
Undefined
Undefined
UJHiefined

Undefined
Undefined
Undefined
Undefined
Undefined
Undefmed
Undefined
Undefined
Undefined
Undefined
Undefined

Unckfined
Undefined
UIHiefined
Undefined
Undefined
Undefined
Undefined
Undefined
Undefined
Undefined
Undefined

Undefmed
Undefined
Undefmed
Undefined
Undefmed
Undefined
Undefined
Undefilled
Undcfmed
Undefined
Undefmed

.....
No correlation exists among the parameters.

.. Page].

Factors ..linear

Undefined
Undefined
Undefined
Undefined
Undefined
Undefined
Undefined
Undefined
Undefined
Undefined
Undefined



..

Sheetl

.

MODELl

..

ANOVASUMMARY
Sum of Sq es

(Pa1ia1 SS)

39]52

1.041
40.198

df Me..} Sq_e F -raiD Level of

SigniJiC31ce

.

Model
Main

Error

Total

10
5

15

3915

0.209
Undcfin

18703 0996

..

ANOV A SOURCES of V ARlAll0N
Source Sum of Squmes df F-Raio Signili'"-lCe

.

I(XXXKXJ(XX) Adhesive

OI~Adhesive
OOI<XXXXXJO Resin to

OOOI~MixHumid
0000100000 Open Time

0000010000 Cure Temp

00000o 1 000 Degreas in
<XXXXXJOlOO Va:tmrn CI

OO<roJOOIO Cure Time

OOOOOOOOO1 Steel Sur

0.629
0.452
3.222
0.018
0.912
0.127
0.168
0.007
1.581

32.036

1
)

3.004
2.16

15.392
0.085
4.357
0.607
0.803
0.032
7.554

153.036

0858
0.8

0988

Unddin
0.91

Undefin
Undefin
Undefin

0.96
1

.

J

1
J

1
J

1
I

...

REGRESSION SUMMARY

Source StDII of Squa-cs

.

df Meal Squ..1:

Regression M<KIeI
Factors

Residuals-Total
I...,kofFit
PureEnor

Totals

.

39.152

1047

1.047
0

40.198

10
5
5
0

15

3.915
0.209
0.209

0

..

Statistics F.R3;jo

18703
Undefined
Undefined

MS-F act orsIMS-Resi dual:

MS-Factors/MS-Pure Em
MS-La:k ofFit/MS-Pure J

..

SImlIBrl BITar

0.458
df
5

..

Subgroups
Nwnber
Av~e Siu
Minimum Si1J:
Maxirnwn Si1J:

0.914
0.922
0.01

16

Fitted Response
fu1d Strength

CocfIicient of DctCIminmion

R-sq=ed
R-squa-ed, adjusted

CocfIicient ofVari,.;on

.

FTrIEDPARAMETERS

.

Soun:e/P!8mJeter Levels Coefficient Staxbd Tl31SIIIitted

Etroc Vaiance
0.379 0
0.229 0.1
0.229 0.1
0.229 0.1
0.229 0.1
0.229 0.1
0.229 0.1
0.229 0.1
0.229 0.1
0.229 0.1
0.229 0.1

Level of

SigniJiamce
0

0856

0.798

0.989
0.218

0909
0.529
0589
0.134

0.96
1

.

(XKXXXKXX() M=t

1~ Adhesiv

01 (XXXKXXX) Adhesiv

001 (KXXXXX) Resin t

0001 00000o Mix HIDD

0000100000 Open Ti

0000010000 ClUe Te
00000o 1 000 ~

(KXXXXX)IOO Va:u1DD

OOOOOOOO10 Cure Ti

OOOOOOOOO1 Stee] S

0

2
2

2
2
2
2
2
2
2
2

6753

-0.396
0.336

-0.898

0.067
-0.478

0.178
-0.205

0.041
-0.629

-2.83

Swnof~ t-Raio
(Patial SS)

0 0
0.629 -1.733

0.452 1.47
3.222 -3.923

0.018 0.292
0.912 -2.087

0.127 0.779

0.168 -0.896

0.007 0.178

1.581 -2.748

32.036 -12.371

....

No COIrelmion exists among the pmJDneters

..... Pagel.

Fa:tors- Lincu-

ProIxdJility

0996
Undefined
Undefined



..

Sheetl

.

MODEL 3

..

ANOV A SUMMARY > > > > > > > > Stan of Squares df .Jean Square F -ratio

(partial SS)
Leve!of

Significance

.

Model
Main

Error
Total

40.506
0

40.506

10
5

15

4.051
0

Undefin

1.7IE+31

..

ANOV A SOURCES of V .'\RIAll0N > > >.
Soun:e Smn of Squares df

> > F -Ratio Significance

.

1000000000 Adhesive

0 1OOOOOOOO Adhesive

00100000oo Resin 10

000 1 00000o Mix Humid
0000100000 Open Time

00000 1 0000 Cwe T cmp

000000 1 000 Dcgrcasin

00000oo 1 00 Vacuwn CI

0000000010 Cwe Time

OOOOOOOOO1 Steel Sur

3.474
0
0

2238
0

0

1.518
0

9.266
24.01

I 1.47£+31
] 0
I -0.521
I 9.46E+30
I 0.]56
] -0.521
I 6.4]E+30
I 1.5]
I 3.92E+31
] ].O]E+32

1
Undefin
Undefin

1
Undefin
Undefm

1
0.726

1
1

....

REGRESSION SUMMARY

.

Soun:e SIDn of Squan:s df Meat Squano

.

RegreROD Model
Factus

Residuals-Total
Lack of Fit
Pure Em>r

Totals

.

40.506
0
0
0

40.506

10
5
5
0

15

4.051
0
0
0

..

Slatiliics F-Ratio Probability

.

MS-Factors/MS-Residuals Undefmed
MS-FactoIsiMS-Pure Error Undefined
MS-Ladc of Fit/Ms-Pme EIroJ Undefined

Undefined
Undefmed
Undefined

..

Fitted R~nse
Bond Sln:ngth

Standard F.rror
Unclamed

df
5

.

Subgroups
Nmnber

AverageSiz
MiDim1mIS
MaximumS

I
Undefined

0

16
I
I
I

.

Coefficient ofDetennination
R-fI'I\IaIed
R-squared, adjusted

Cocfficient of Variation

.

FTfIE) PARAMETERS > > > > > > > > >

.

SOIfte I Parameter Levels Coefficient Standard
EmJr

TlmBDitted SIml ofSquan:s
Variance (partial SS)

t-Ratio Level of
Significance

.

()()()()()()()OOO Mean

1OOOOOOOO0 Adhesiv

01OOOOOOOO Adhesiv

00 100000oo Resin t

000 1 00000o Mix HIBD

0000100000 Open Ti

00000 1 ()()()() ClUe T e

00000o 1 000 ~gxeas

00000oo 1 00 Vacwun

0000000010 ClUe Ti

~1 St=IS

0

2
2
2
2
2
2
2
2
2
2

7.385 Undefuled
-0.932 Undefined

0 UJkJcfined
0 Undefined

-0.748 Undcfined
0 Undefined
0 Undefined

-0.616. Undefined

OUndefincd
-1.522 Undefined
-245 Undefined

Und~
Undefuled
Undefined
Undefmed
UJ.tefined
Undefined
Und~
Undefined
Undefined
Undefmed
Undefmcd

Undefined
Undefined

Undefined
Undefined

UJKlefinoxi

Undefined
UJKIcfined

Undefined
UJKlefmed

Undefined

UndefinaIG

.....
No COITelation exims among the paramet~

.. Page 1.

F~- Linear

Uudefined
Undefined
Undefined
Undefined
Undefined
Undefined
Undefined
Undefined
UudefilM:d
Undefined
Uudefined

Undefined
Undcfmed
Undefined
Undefined
Ul.Jelmed
Undefined
Undefined
Undefmed
Uudefined
Undefmed
Undefmed



..

Sheet]

.

MODEL 4

..

ANOV A SUMMARY > > > > > > > > SmnofSq~ df MeaSqume

(Partial 88)
F-mio Level of

Significaoce

.

Model
Main

Ent\r
Total

66.871
1.047

67.917

10
5

15

6.69E+OO

0.209
Uftdefin

31.945 0.999

..

ANOV A SOURCES orv ARIATION > > > > > SOIUW Sum of Squares df F -Rat;o Sigoificmce

.

I OOOOOIXKJO Adhesive

0 I ()(KKX)OOO Adhesive

001 ()()(MXJOO Resin to

000100000o Mi, Humid

0000100000 Open Tin,.,
00000 1 0000 Cwe Temp

00000o1 000 DegJeasin

00000oo100 Vac;uumCI
OOOOOOOO10 Cure Tin,.,

OOOOOOOOO 1 Steel Sur

7.06

0.4S2
3.222

US6

0.912

0.127

2.696
0.007

IS.SO3

32.036

1
1
1
1
1
1
1
1
1
1

33.724
2.16

1~.392
8-161

4.3~1
0.601
12.88

0.032
88.39

1~3.036

0.997
0.8

0.988
0.969
0.91

Undefin
0.984

UBdefin
1
1

....

REGRESSION SUMMARY

SOUl,;e Sum ofSqua= df Mean Square

.

Regres."ion Model
FactOIS

Residuals-Total
Lack ofF..
PureElror

Totals

.

66.871
1.047
1.047

0

67.917

10
5
5

0

15

6.637

0.209

0.209
0

..

Statistics F .Ratio Probability

MS -F ao;tO1s/MS-Residnals

MS-FactOlsiMS-Pure Error
MS-L-.:k ofFit/MS-P= EmIr

.

31.945
Undefined

Undefined

.

S1mdaId EmIr

0.458
df
5

.

Subgroups
NIImber
Average Sim

Minimum Sim
MuimumSize

0.985
0.954
0.006

.

16
I
1
1

Filled Response
Bond SIreDgtb

Coefficient ofDetenninalion
R-squared
R-squared, adjusted

Coefficient of Variatioo

.

F1ITED PARMIETERS > > > > > > > > > 0

.

Source I PlAlla:ter Levek C-fficient SImtIIId T.-iIted SInD of Squares

Etror Variance (Partial SS)
l-Ratio Level of

Sjgnificance

.

IKX)()(KX)(XX) Mean

l~ Adhesiv

Ol~ Adhesiv

OOl(KXXXX)O Resin t

OOO](KXN)OO Mix Ham

0000 1 00000 Open T i

0000010000 Cme T e

00000o 1 000 Degreas

(KXXXX)O]OO V*"'WD

OOOOOOOO10 C= Ti

~] Steel S

0

2
2

2
2

2
2
2
2
2
2

&.662

-1329

0336

-0.897

-0.681

-0.477

0.178

-0.821

0.041
-2.ljl

-2.83

0379

0.229
0.229

0.229
0.229
0.229
0.229
0.229

0.229

0.229

0.229

0

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

0

7.06
0.4~2
3.222
1.856

0.912

0.127
2.696
0.007

18.~03
32.036

0

-~.807

1.47
-3.923

-2.978

-2.087
0.779

-3.S89

0.178

-9.402

-12.371

0

0.998
0.798
0.989

0.%9

0.909

0.529

0.984

0.]34

1

]

.....

No correlation ~ among the parameters.

.... Page I.

Factors-.Linear

0.999

Undefined
Undefined








































