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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(1), 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 must 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 AV119 single 
part epoxy adhesive using single perforated lap joints tests and a full factorial analysis. 
 
This result of this study indicates; 
 
i) the number of holes introduced after the initial perforation 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 due to the perforations 

 
ii) there is no reduction of the structural integrity with the introduction of more than one 

perforation into the lap joint 
 
iii) temperature and time factors seem to have the greatest influence on the adhesive joint 

durability. 
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1. INTRODUCTION 
 
The previous research project; MTS Adhesives project 5: Measurements for Optimising Adhesives 
Processing introduced the use of design of experiment techniques, DOE,  for the optimisation of a 
number of manufacturing processes1 which included an adhesive bonding stage. 
 
The DOE techniques employed were felt to provide the basis for the development of a framework in 
determining the critical factors and the relationship between these factors for environmental durability 
testing on adhesive joints.  This framework would be used to establish procedures for accelerated 
test regimes.  The software that was used in providing the solution to the experimental design was a 
proprietary package developed by IBM called AGSS, Advanced Graphical Statistical System.  Due 
to the familiarity with the AGSS system and the rigorous on-site validated testing available, AGSS 
was used as the reference against which commercial DOE programs were evaluated.  A group of 
reference data sets2 were derived based on a previous case study3. 
 
This report, DTI MTS Adhesives Programme 1996-1999: Performance of Adhesive Joints. Project 
3: Combined Cyclic Loading and Hostile Environments,  Development of Data Sets for the 
Evaluation of Design of Experiments Software Packages by M Hall & T Twine2, is included as an 
addendum to this report. 
 
The commercial software packages investigated are detailed in Table 1. 
 
 

Package Supplier Operating system 

DOE Wisdom Launsby Consulting USA Windows 3.1 and Windows 95 

Q-EDGE Air Academy Associates USA Windows 3.1 

DOE KISS for Excel Air Academy Associates USA Windows 3.1 and Microsoft Excel 

DOE-PC IV Quality America Inc. USA Windows 3.1 

Qualitek-4 Nutek Inc. USA Windows 3.1 

 
Table 1 - Commercial DOE software packages investigated 
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2 EXPERIMENTAL 
 
 
The matrix selected for the experimental analysis was a Taguchi L16 - with fifteen factors and sixteen 
experimental runs.  For the application studied, steel plate bonding, only ten factors were assessed 
and thus only ten of the fifteen columns were populated (Table 2). 
 

 Factor 

Run A B C D E F G H I J K L M N O 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

2 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 

3 1 1 1 2 2 2 2 1 1 1 1 2 2 2 2 

4 1 1 1 2 2 2 2 2 2 2 2 1 1 1 1 

5 1 2 2 1 1 2 2 1 1 2 2 1 1 2 2 

6 1 2 2 1 1 2 2 2 2 1 1 2 2 1 1 

7 1 2 2 2 2 1 1 1 1 2 2 2 2 1 1 

8 1 2 2 2 2 1 1 2 2 1 1 1 1 2 2 

9 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 

10 2 1 2 1 2 1 2 2 1 2 1 2 1 2 1 

11 2 1 2 2 1 2 1 1 2 1 2 2 1 2 1 

12 2 1 2 2 1 2 1 2 1 2 1 1 2 1 2 

13 2 2 1 1 2 2 1 1 2 2 1 1 2 2 1 

14 2 2 1 1 2 2 1 2 1 1 2 2 1 1 2 

15 2 2 1 2 1 1 2 1 2 2 1 2 1 1 2 

16 2 2 1 2 1 1 2 2 1 1 2 1 2 2 1 

 
Table 2 - Representation of a Taguchi L16 array 
 
The commercial packages assign an experiment array on the basis of the number of factors selected 
by the user.  Therefore, in the programs where a choice was possible, a Taguchi L16 array was 
manually selected and edited to correspond to the AGSS array.  Where this was not possible, the 
defining equations for the respective model as developed by Hall and Twine2 were used to calculate 
the results for the experimental runs to correspond to the AGSS array. 
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3 RESULTS 
 
The analysis output from each of the programs is shown for each program for models 1-4 in the 
Appendix. 
 
As the software is not at hand for the reader of this report, it is difficult to fully demonstrate the 
complexities of the results presented.  Table 3 summarises the basic results.  The full analysis output 
of each of the DOE programs is given in the Appendix. 
 

DOE Package Matrix Used Results of Statistical Analysis 

Qualitek-4 Model 1-4 Matrix* Similar to AGSS 

DOE Wisdom Taguchi L16 Dissimilar to AGSS 

DOE PC-IV Model 1-4 Matrix* Similar to AGSS 

DOE KISS Taguchi L16 Dissimilar to AGSS 

Quality EDGE Taguchi L16 Dissimilar to AGSS 

 
* Model 1-4 Matrix = AGSS matrices2 
 
Table 3 - Comparison of results on DOE analysis on case study of steel plate bonding3 
 
 
4 COMPARISON OF DOE PROGRAMS - DISCUSSION 
 
As the array of choice is the well-defined Taguchi L16 orthogonal array, the variation in the analysis 
output is somewhat confusing.  One of the factors investigated to resolve these variations in the 
analysis were the arrays generated by the software packages.  The result of this analysis is shown in 
Table 4A. 
 

 Factors 

Columns 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Taguchi 16 A B C D E F G H I J K L M N O 

AGSS A B H C J - F D - - G - I - E 

Qualitek A B H C J - F D - - G - I - E 

PC-IV A B H C J - F D - - G - I - E 

DOE Wisdom A B - C - - F D - - G J H E I 

DOE Kiss A B E C F H - D G I - J - - - 

Quality Edge A B H C J E D I G - - - - - - 

 
Taguchi L16 matrix = fifteen factors, sixteen experimental runs. 
 
Table 4A - Placement of factors in columns for the steel plate bonding analysis array 
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The design of experiment array used in the case study of steel plate bonding had factors which 
correspond to the Taguchi L16 factors shown in Table 4B: 
 
 

 Factors 

Columns 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Taguchi L16 A B C D E F G H I J K L M N O 

Qualitek L16 A B C D E F G H I J K L M N O 

PC-IV L16 A B E C F G K D H I L J M N O 

DOE Wisdom L16 Not Available 

DOE Kiss L16 A B E C F H K D G I L J M N O 

Quality Edge L16 A B E C F G H D I J K L M N O 

 
Table 4B - Comparison of commercial depiction of the fifteen factor L16 Taguchi array 
 
Table 4B shows that the strict definition of a Taguchi array4 is only followed in the Qualitek and PC 
IV packages.  In addition the programming of these two software systems allows the editing of the 
base array to correspond with the defined AGSS array. 
 
DOE KISS and the Quality Edge software packages either do not allow editing of the experiment 
arrays or return an error when analysis of the customised array is initiated.  This error is associated 
with a perceived confounding* error in the modified array.  The DOE Wisdom Package returns a 
20 run Central Composite Design when using a fifteen factor input. 
 
 
5 CONCLUSIONS 
 
Clearly comparing DOE programs is not straightforward.  The software programs produce arrays 
that deviate considerably from the original array.  Whilst experimental runs can be performed in any 
order, randomisation is an essential feature of the DOE process, the program specific organisation of 
the factors within the arrays in these software programs must be taken into account.  This is 
extremely important when comparisons are made with results obtained from another package.  The 
experimental runs selected must be the same and placement of the factors must be in the same 
order.  Where editing of the array is allowed, this procedure is relatively straightforward, for 
example, Qualitek 4 and PC IV, where the results from this program confirm the results of the 
AGSS analysis. 
 
The user must be aware of the representation of the 'standard' arrays within their selected 
programme especially when cross referencing data with data from another DOE software program. 
 
 
___________________________________________________________________________
_ 
* Confounding: Partial aliasing* of factors and interaction with each other. 
* Aliasing:  In a design matrix columns which are identical are said to be aliased. 
   Aliasing prevents individual assessment of the factors 
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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 durability 
study of AV119 single part epoxy adhesive using simple lap joint tests.  A full factorial approach 
was used to establish the relationship between the main factors and their interactions over a time 
period which would be representative for the development of an accelerated ageing test programme. 
 This approach was used to aid in the evaluation of: 
 

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

 
 ii) short term data from a durability study capable of describing long term 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 Plc and 
with AV119 single part epoxy adhesive cured at 140oC for 75 minutes.  The adhesive was supplied 
by Ciba Polymers.  The test consisted of tensile loading a  single lap joint under ambient condition 
(23oC, 50% RH) at 1mm/min using an Instron 1196 test machine.  The single lap joint consisted of 
two rectangular sections, 25 mm wide, 100mm long and 1.6mm thick, bonded together, with an 
overlap length of 25 mm.  The bondline, 0.25 mm thick was controlled using 1% by weight of 250 
µm ballantic glass beads mixed with the adhesive.  In addition to standard single lap joints, one to 
three, 3 mm diameter holes, were drilled through the cured lap joint specimens to increase the 
degradation rate of the adhesive due to increased exposure to moisture.  These holes were placed in 
the central low stress area of the joint overlap confirmed by finite element modelling.  The joints 
were immersed in distilled water for up to 42 days at three test temperatures, 25, 40 and 60oC. 
 
The average failure load per unit width was calculated from five repeat tests at each specific time, 
temperature and selected number of holes.  No allowance for the reduction of bonding area was 
made to the areas calculated for the drilled specimens.  A representation of a typical three hole 
perforated lap joint can be seen in Figure 1.  
 
 
8 RESULTS AND DISCUSSION 
 
 
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 tests 
including; factors, levels, interactions and the resultant failure data 
 
Following this analysis, a number of hypotheses were tested. 
 
1) Can valid data be predicted for intermediate time periods i.e. 3 days; and 
 
2) Can subsets of data give a representative picture for the system. 
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 ←      Interactions      
A B C A x B A x C B x C Fail re

R n Temp No Time Temp x No Holes Temp x Time No Holes x N/mm
1 1 1 1 1 1 1 337
2 1 1 2 1 2 2 272
3 1 1 3 1 3 3 235
4 1 1 4 1 4 4 245
5 1 1 5 1 5 5 244
6 1 2 1 2 1 2 301
7 1 2 2 2 2 2 258
8 1 2 3 2 3 3 231
9 1 2 4 2 4 4 263

10 1 2 5 2 5 5 235
11 1 3 1 3 1 3 301
12 1 3 2 3 2 3 259
13 1 3 3 3 3 3 217
14 1 3 4 3 4 4 265
15 1 3 5 3 5 5 245
16 1 4 1 4 1 4 304
17 1 4 2 4 2 4 260
18 1 4 3 4 3 4 231
19 1 4 4 4 4 4 245
20 1 4 5 4 5 5 266
21 2 1 1 2 2 1 337
22 2 1 2 2 2 2 232
23 2 1 3 2 3 3 219
24 2 1 4 2 4 4 197
25 2 1 5 2 5 5 213
26 2 2 1 2 2 2 301
27 2 2 2 2 2 2 229
28 2 2 3 2 3 3 205
29 2 2 4 2 4 4 207
30 2 2 5 2 5 5 216
31 2 3 1 3 2 3 301
32 2 3 2 3 2 3 243
33 2 3 3 3 3 3 240
34 2 3 4 3 4 4 210
35 2 3 5 3 5 5 210
36 2 4 1 4 2 4 304
37 2 4 2 4 2 4 227
38 2 4 3 4 3 4 207
39 2 4 4 4 4 4 204
40 2 4 5 4 5 5 191
41 3 1 1 3 3 1 337
42 3 1 2 3 3 2 222
43 3 1 3 3 3 3 210
44 3 1 4 3 4 4 177
45 3 1 5 3 5 5 305
46 3 2 1 3 3 2 301
47 3 2 2 3 3 2 216
48 3 2 3 3 3 3 183
49 3 2 4 3 4 4 151
50 3 2 5 3 5 5 283
51 3 3 1 3 3 3 301
52 3 3 2 3 3 3 213
53 3 3 3 3 3 3 189
54 3 3 4 3 4 4 174
55 3 3 5 3 5 5 256
56 3 4 1 4 3 4 304
57 3 4 2 4 3 4 212
58 3 4 3 4 3 4 181
59 3 4 4 4 4 4 167
60 3 4 5 4 5 5 242

Legend                                                                       Average experimental value = 242.N/mm
Temperature (oC) Level Holes Level Time (Days) Level 

25 1 0 1 0 1 
40 2 1 2 7 2 
60 3 2 3 14 3 

  3 4 21 4 
    42 5 

 
Table 5:Full Factorial Matrix of Durability Study of AV119/CR1 steel lap joints.
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 9 ANALYSIS 
 
Predicted values for data at 3 days at the three test temperatures and the requisite number of holes 
were calculated from the three constitutive equations which were derived from the full experimental 
matrix.  The coefficients of these equations are given in Table 3.  The three linear regression graphs 
showing the effect of the main experimental factors, time, the number of holes and temperature on 
the failure load per unit area are shown in Figures 2a, 2b and 2c. 
 
 

Factor Coefficient Intercept
Number of Holes -4.45 249.00 

Temperature -1.61 300.00 
Time -1.83 259.23 

 
Table 3: 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 using the grand 
average performance (GAP) value from the full factorial experiment as shown by equation 4. 
 
For this experiment the GAP was 242 N/mm. 
 

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

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

                                 Equation (1)       Equation (2)    Equation (3)     (4) 
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Temperature 

(oC) 
Number of 

Holes 
Measured Failure 

load 
(N/mm) 

Predicted 
failure load 

(N/mm) 
25 0 291 255 
25 1 263 251 
25 2 262 246 
25 3 295 241 

    
40 0 228 231 
40 1 272 226 
40 2 260 222 
40 3 243 218 

    
60 0 211 199 
60 1 216 194 
60 2 208 190 
60 3 207 185 

 
 
Table 6: Calculation of failure load values after 3 days using coefficients of full factorial 
equation. 
 
The data in Table 6, in combination with the data presented in Figure 2a indicate that for the main 
factors acting independently: 
 
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 the experimental 
parameters. 
 
The understanding of the interaction between the factors is essential for the development  of a 
reliable accelerated ageing regime.  The interaction between the main factors can be assessed by use 
of factor interaction parameters.  Figures 4 to 6 show the average interaction effects of the three 
combinations of parameters.  These average values can be resolved into their separate setting levels 
for all combinations of interaction  Thus for temperature and time, temperature and the number of 
holes and time and the number of holes, the degree of factor interaction can be qualified. These 
factor interactions are shown in Figure 7 - Interaction between Temperature and Time, Figure 8 - 
Interaction between the number of holes and temperature, and Figure 9 - Interaction between the 
number of holes and time. 
 
Figure 7 shows an increase in the failure load for the 60oC experimental data after 21 days.  This 
increase could be due to be an increase in the plasticisation  of the adhesive within the bulk of the 
joint, thereby relieving the stress at the joint ends.  This increase in failure load is confirmed by work 
reported recently by AEA Harwell5.  This increase after 21 days at 60 oC makes it difficult to model 
the system and the chart indicates an interaction between temperature and time.  However there is 
no indication of any increase in the failure load at lower temperatures.  To confirm whether this effect 
will occur at lower temperatures or at a faster rate at elevated temperatures, further experimental 
data needs to be collected at extended time periods. 
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 Figure 8 indicates that there is minimal interaction between the number of holes and temperature, 
within experimental error.  Figure 9 indicates that the remaining interaction between the number of 
holes and time is not subject to any interaction. The data for the lap joints is not normalised.  That is 
to say that the area removed by the holes has not been taken into account when calculating the 
failure load per unit width.  The physical effect of perforating the lap joint can be seen from the 
change in failure load from time zero for an unperforated joint compared to the very similar failure 
loads for perforated joints, Figure 9.  It appears that the 3 mm diameter holes that are introduced to 
increase the rate of diffusion of moisture into the joint have minimal effect on the joint failure strength 
in the period of exposure examined.  This is probably due to the placement of the holes and the 
focus of failure of the joint. It is found that the critical area for failure to occur in a lap joint is at 
stress concentrated areas at the corners of the joint.  As the holes are relatively a distance away the 
effect of the holes is rapidly reduced after one hole is introduced into the system as is shown in 
Figure 9. 
 
Tests, are being conducted on single lap joint specimens with 4 mm diameter holes are showing a 
significant ageing effect compared to the smaller 3 mm perforations. 
 
The large increase in the failure load at 60oC and 21 days requires confirmation from longer term 
tests at 25 and 40oC to determine if this is valid as regards an accelerated effect.  Experimentally this 
increase and subsequent decrease in failure load is confirmed by previous work5. 
 
 
10 ANALYSIS OF AN ADHESIVE LAP JOINT DURABILITY - CONCLUSIONS 
 
 
This design of experiments study indicates; 
 
i) the number of holes introduced after the initial hole does not have a major effect on the 

failure load; i.e. there is minimal accelerated degradation due to the penetration of moisture 
into the adhesive due to the presence of 3 mm diameter holes 

 
ii) there is no reduction of the structural integrity with the introduction of more than one hole 

into the lap joint 
 
iii) the temperature and time factors seem to have the greatest influence on the experimental 

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