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ABSTRACT
The reliability of adhesive bond strength influences the applic
ability of structural adhesives in industries. The statistical prob
ability distribution of the strength of adhesive joints is an 
essential indicator when designing and choosing adhesives. In 
this study, we experimentally studied the probability distribution 
of the strength of adhesive joints. The strength data were col
lected using a novel high-throughput technique consisting of 
a sample preparation method and shear testing device. 
Numerous cylindrical butt shear-joint specimens were prepared 
by mechanical machining and tested using a self-developed 
shear testing device. The effect of moisture absorption by the 
adhesive was specifically considered. The probability distribution 
of the shear strength of the epoxy adhesive joints was character
ized using five probability distribution functions: Normal, 
Lognormal, Exponential, Weibull, and Gamma. Quantile – quan
tile plots were employed to determine the suitability of each 
distribution function. The results suggested that the Weibull 
and Normal distributions were best suited for describing the 
probability distribution of the strength of the epoxy adhesive 
joints. The Weibull distribution is particularly suitable for brittle 
epoxy adhesives. Moisture absorption reduced both the mean 
and variance of the shear strength, which might be attributed to 
the plasticization of the adhesives. The high-throughput method 
proposed in this study significantly improved the efficiency of 
testing adhesive joints. It not only contributes to the study of the 
strength distributions of adhesive joints but also helps to shorten 
the research and development cycle of new adhesives by facil
itating rapid strength evaluation.
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1. Introduction

Adhesively bonded joints have significant advantages over traditional joining 
techniques, such as welding and riveting, in terms of light weight, smooth stress 
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distribution, low manufacturing cost, and ability to join dissimilar materials.[1,2] 

They are widely used in various industries,[3–7] specifically in the automotive[3,4] 

and railway[5] industries, because of their advantage of achieving a lower weight of 
the manufactured product over welding. As polymer composites such as CFRP are 
being increasingly used in aircraft, adhesive bonding has become one of the most 
suitable joining technologies for achieving both light weight and high mechanical 
performance in the aerospace sector.[6] Composite materials and adhesive bond
ing are also being increasingly used in large vessels owing to their low weight and 
corrosion resistance.[7]

The large variance in the mechanical strength of adhesive joints, particularly 
in terms of long-term durability and weatherability, hinders the use of adhe
sive technology.[8] The uncertainty in the strength of adhesive joints can be 
attributed to many factors, such as water moisture,[9] pre-treatment,[10] and 
adhesive thickness.[11] Therefore, although several theoretical models have 
been proposed,[12–14] the strength and strength distribution of adhesive joints 
are difficult to predict. This often leads to adhesive bonding being considered 
less reliable than traditional mechanical joining. The statistical distribution of 
the strength of adhesive joints should be researched to realize the wide 
applicability of structural adhesives.

The strength of adhesive joints is usually assessed using the mean and standard 
deviation by assuming a normal distribution. However, some studies[15,16] have 
found that the Weibull distribution provides a good fit for the strength of adhesive 
joints. The Weibull distribution was originally developed to characterize the 
strength of brittle materials,[17] which is critically influenced by the presence of 
cracks. Therefore, the Weibull distribution has been employed to describe the 
fracture strengths of ceramics,[18] carbon fibers,[19] glass/epoxy and carbon/epoxy 
composites,[20] and adhesively bonded joints.[21–23] Seo et al.[15] employed the 
Weibull theory to evaluate the strength of adhesive butt joint specimens. Their 
results revealed that tensile and shear specimens with higher sectional areas had 
higher Weibull moduli, suggesting a lower variation in the strength. Weibull 
distribution has also been used to analyze the bond strengths of resin-based dental 
restorative materials to dentin[24] and optimize the adhesive thickness in structural 
adhesive joints.[25] Vallée et al.[26] studied the statistical distribution of the strength 
of adhesive joints by using the Weibull distribution. To address the underestima
tion of the joint strength predicted by the Weibull distribution, Vallée et al.[27,28] 

attempted to find the most appropriate distribution function for predicting the 
joint strength by comparing several improved probabilistic distributions. They 
found that the generalized lambda distribution presented the best prediction for 
joint strength, especially the strength distribution at the upper tail.

Large datasets are required when determining the best distribution functions 
for modeling the joint strength. Preparing numerous testing samples and obtain
ing the measurements are usually time consuming, even for simple single-lap 
shear joints. Furthermore, small variations in the local geometry of the adhesive 
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layers can significantly affect the strength measurement[29] and make it difficult to 
understand the actual probability distribution of the strength. Considering the 
large scatter and uncertainties in the strength measurements of adhesive joints, 
a high-throughput method to efficiently prepare the specimens and obtain mea
surements needs to be developed to obtain large datasets for studying the prob
ability distributions of the strength of adhesive joints.

A novel shear testing device was recently developed[30] by the authors 
to achieve high-throughput measurements of the shear strength of adhe
sive joints under the CREST program of the Japan Science and 
Technology Agency. In this study, the testing device was improved to 
provide more reliable strength measurements for evaluating the probabil
ity distribution of the strength of adhesively bonded joints. Furthermore, 
a mechanical-machining-based high-throughput specimen preparation 
method was developed to prepare cylindrical adhesive joints. The speci
men preparation method coupled with the novel testing device enabled 
the efficient provisioning of reliable strength datasets for adhesive joints. 
Five probability distribution functions were used to describe the shear 
strength to find the most appropriate distribution function for describing 
the strength of adhesive joints. The influence of aging on the strength and 
its statistical distribution was investigated.

2. High-throughput shear tests

2.1. High-throughput testing device

A novel testing device was developed for the high-throughput evaluation 
of the shear strength of adhesively bonded joints. Figure 1a shows the 
photographs of the device along with enlarged views of the (b) specimen 
holder, (c) loading part, and (d) butt joint specimen. The device is similar 
to that presented in[30] except for the improved design of the specimen 
holder (see Figure 1b) for more reliable fixing of the specimens. The 
specimen holder consisted of two stainless steel blocks; a 3 mm-deep 90° 
groove was introduced on the edge of each block to fix the testing speci
men. The cylindrical butt shear-joint (BSJ) specimen consisted of two 3  
mm-thick adherents and one adhesive layer. The bottom adherent was 
fixed in the grooves of the specimen holder using a fixing bolt. During the 
shear test, the pusher was powered by a stepping motor to remove the 
upper adherent of the joint specimen along the radial direction of the 
adhesive layer until fracture of the adhesive occurred. The applied force 
was monitored using a load cell, and the displacement of the upper 
adherent was recorded as the linear movement of the pusher.
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2.2. Testing specimens

2.2.1. Adhesive materials
Two types of thermoset epoxy adhesives were used to prepare the butt joint 
specimens: a one-component adhesive provided by Cemedine Co., Ltd. 
(Tokyo, Japan) and a two-component commercial adhesive, Denatite 2204, 
purchased from Nagase Chemtex Corp. (Osaka, Japan). The one-component 
adhesive mainly consisted of bisphenol A epoxy as the base resin and dicyan
diamide (DICY) as the curing agent. Carboxyl-terminated butadiene (CTBN) 
acrylonitrile rubber was added to improve the fracture toughness. The proper
ties of this epoxy have been previously reported.[31–35] In this study, the one- 
and two-component adhesives were named Epoxy-1 and Epoxy-2, respec
tively. The curing conditions for Epoxy-1 and Epoxy-2 were 180°C for 60  
min and 100°C for 30 min, respectively. The stress – strain curves (Figure 2) of 
the two adhesives were acquired by conducting tensile tests at a displacement 
rate of 1 mm/min.[36] Significant plastic deformation of Epoxy-1 was observed 
when compared with the brittle Epoxy-2. The typical properties of the two 
adhesives are listed in Table 1.

Figure 1. (a) photographs of the high-throughput shear testing device with the enlarged 
(b) specimen holder, (c) loading part, and (d) butt joint specimen.
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2.2.2. Specimen geometries
The cylindrical butt joint specimen consisted of two aluminum alloy (A2017) 
adherents and a 0.5 mm-thick adhesive layer. The adherent had a diameter of 
8 mm and height of 3 mm. The cylindrical butt joint specimen was selected to 
conduct the shear tests mainly because it can be efficiently prepared using 
mechanical machining, as discussed in Section 3.1.

2.3. Moisture absorption of adhesive layers

2.3.1. Immersion conditions
Some of the butt joint specimens with an Epoxy-1 adhesive layer were immersed 
in 42°C pure water for 21 days to ensure moisture penetration into the center of 
the adhesive layer. The numerical simulation of the moisture distribution will be 
presented in the following section. In the shear tests, moist and dry specimens 
were examined individually and their results were compared to evaluate the 
effect of moisture absorption. Regarding the testing of moist specimens, the 
Epoxy-1 specimens were cooled in the pure water at room temperature for 24 h. 
Then, the specimens were tested immediately after removal from the pure water.

2.3.2. Finite element simulation for calculating the moisture absorption
During immersion in pure water, the water diffused into the adhesive layer 
from the edge to the center, following Fick’s second law: 

Figure 2. Stress–strain curves of Epoxy-1 and Epoxy-2.

Table 1. Typical properties of two types of epoxy 
adhesives.

Epoxy-1 Epoxy-2

Young’s modulus (GPa) 1.10 4.89
Tensile strength (MPa) 27.0 46.4
Fracture strain (%) 14.0 0.947
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where C is the concentration of water and D is the diffusion coefficient. x and 
y denote the radial directions of the adhesive layer. In this simulation, the 
diffusion coefficient was assumed consistent along the thickness direction. The 
diffusion coefficient of Epoxy-1 immersed in 42°C water was 2.76 × 10−3 mm2/h, 
which was experimentally measured with a gravimetric method[37] using Fick’s 
law of diffusion by fitting the early-stage data.[31] Experiments and numerical 
simulations[31] have shown that Fick’s diffusion law provides good predictions of 
the moisture distribution in the bulk Epoxy-1 specimens at 42°C. The commer
cial software ABAQUS/Standard (2021) was used to perform the moisture 
diffusion simulations. A two-dimensional model was used because the distribu
tion of moisture along the direction of the adhesive thickness was not considered. 
The finite element (FE) model and simulation results of the normalized moisture 
distribution (42°C water for 21 days) are shown in Figure 3. In the FE model, the 
water concentration at the edge of the adhesive was set as saturated during the 
simulation. The mesh size was 0.1 mm. Figure 3b shows the distribution of water 
concentration in the adhesive layer. It was normalized to 0–1, where 1.0 means 
the adhesive was saturated with water. The concentration of water was 0.1 at the 
center of the adhesive layer. This moisture level was high enough to influence the 
shear strength of adhesive joints according to the shear test results in Section 4.

Figure 3. (a) FE model of the moisture diffusion simulation with mesh distribution. The mesh size 
was 0.1 mm. (b) simulation results of the normalized concentration of water in the adhesive layer.
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2.4. Conditions for shear tests

Three types of specimens with the following adhesive layers were tested: dry 
Epoxy-1, moist Epoxy-1, and dry Epoxy-2. All shear tests were conducted at 
a room temperature of 20 ± 2°C. The specimen pusher velocity was controlled 
at 0.05 mm/s in all the tests.

3. High-throughput preparation of testing specimens

3.1. Specimen preparation

The preparation of adhesive joint specimens, such as single-lap joints, is 
usually time consuming because each specimen requires special attention to 
align the adherents, remove the fillets, etc., to achieve high-quality joint 
specimens. Hence, a novel specimen preparation technique based on mechan
ical machining is proposed for improving the efficiency of preparing shear 
testing specimens.

The overall process of high-throughput preparation of butt joint speci
mens is illustrated in Figure 4. First, three 160 mm × 160 mm × 3.0 mm 
A2017 aluminum alloy plates were pre-machined using a CNC machining 
center (ROBODRILL α-D14MiB5, Fanuc Co., Ltd., Yamanashi, Japan). 
Aluminum plates were cut to a depth of 2.5 mm to prepare 9 × 9 columns 
with a diameter of 9.0 mm (No. ① in Figure 4). This pre-machining aims 

Figure 4. Overall process of high-throughput preparation of the butt shear-joint (BSJ) specimens. 
① aluminum plate after pre-machining. ② 5-layered structures. ③ 5-layered structures after the 
final milling process. ④ removing specimens after hot water immersion. ⑤ a sample specimen.
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to reduce the cutting force and the resulting cutting heat generated during 
the final machining after applying the adhesives, which may influence the 
strength of the joints. Three pre-machined aluminum plates were then 
bonded with two types of adhesives: Epoxy-1 (or Epoxy-2) between the 
top and middle aluminum alloy plates, and a removable two-component 
epoxy adhesive (Q-BOND, Nikka Seiko Co., Ltd., Tokyo, Japan) between 
the middle and base aluminum alloy plates (No. ②in Figure 4). Q-BOND 
was cured at room temperature for 20 h, and could be removed through hot 
water immersion. Epoxy-1 (or Epoxy-2) and Q-BOND adhesives were 
applied to the rear surfaces of the top and middle plates, respectively. 
Two 6 kg weights were placed on the top plate during adhesive curing to 
improve bonding. Four aluminum bars with diameters of 3.0 mm were 
inserted into the grooves of the middle and base aluminum alloy plates 
as spacers. The thickness of the adhesive layers was determined by the 
difference between the diameter of the bars and depth of the grooves of the 
aluminum plates, which was 0.5 mm. The top and middle aluminum layers 
were bonded first, and the reversible adhesive was applied and cured after 
Epoxy-1 (or Epoxy-2) was fully cured and cooled to room temperature. The 
top and middle adherents and the base layer were sandblasted with Al2O3 
(SG-118-120 Grid #120, Hozan Tool Ind. Co., Ltd., Osaka, Japan) and 
wiped with acetone prior to bonding.

The five-layered structures were then machined from the top surface to the 
groove of the base layer using the CNC machining center to manufacture d = 
8 mm cylindrical butt joints (No. ③in Figure 4). Finally, the structures were 
placed on a heater and injected with water. The water was carefully controlled 
to cover the removable adhesive but remain below the test adhesive (i.e., 
Epoxy-1 or Epoxy-2). The single specimens were removed from the structures 
after immersion in hot water at 70°C for 5 min (No. ④ in Figure 4). With this 
method, 81 samples could be prepared simultaneously. This study provides an 
alternative method for preparing numerous uniform joint samples with mini
mal labor, which is particularly beneficial in preparing large datasets for 
machine learning.

3.2. Comparison of characteristics between the current specimens and other 
adhesive joints

3.2.1. Uniform specimen geometry
The mechanical machining-based method of specimen preparation allows 
precise control of the dimensions of the specimen using the CNC machin
ing center; therefore, uniform specimens can be prepared to eliminate the 
effect of the variability of specimen geometry on the experimental results. 
Furthermore, the edges of the adhesive layers sandwiched between the 
adherents were very smooth without any fillets (No. ⑤ in Fig. 4) that 
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simplified the stress distribution of the joints. It is believed that the current 
specimen can provide a more accurate evaluation of the strength of adhe
sive joints.

3.2.2. Low stress concentration at adhesive edges
Owing to the relatively high-stiffness adherent and small bonding area, the 
current specimens exhibited rather low stress concentrations at the adhesive 
edges. An elastic FE simulation was performed using ABAQUS/Standard 2021 
to verify the low stress concentration of the current specimen when compared 
with that of the single-lap joint specimen under static loading. The calculation 
results for the distribution of shear stress τyz and peeling stress σyy in the 
adhesive layer are compared in Figure 5. The color bar denotes the normalized 
stresses, where τ0 = applied force/bonding area. Calculation results suggested 
that a much lower stress concentration was generated at the adhesive edges of 
the current specimens. The details of the simulation model can be found in 
a recent study.[30] Although the joint specimens prepared in some studies had 
very low or even zero stress concentration,[38–40] all of them required con
siderable time to prepare the specimens and complete the measurements, 
which makes it almost impossible to prepare large datasets efficiently.

Figure 5. Distributions of (a) shear stress and (b) peeling stress at the middle surface of the 
adhesive layer for single-lap shear joint and butt shear joint specimens. Color bar shows the 
normalized shear stress and peeling stress, where τ0 = applied force/bonding area. The applied 
force was along the z-axis.
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4. Experimental results of shear tests

Figure 6 presents the (a) typical force – displacement curves of three types of butt 
joint specimens, (b) illustration of the fracture behaviors of the adhesive layers, 
(c) photographs of the fracture surfaces, (d) laser microscope images of the 
fracture surfaces, and (e) epi-fluorescence microscope images of the fracture 
surfaces. In Figure 6a, the highest failure force was measured for Epoxy-2. This 
might be due to the higher material strength of Epoxy-2 when compared with 
that of Epoxy-1 (see Figure 2). Epoxy-1 showed significant plastic deformation 
in the tensile tests owing to rubber modification; however, its deformability was 
suppressed in the shear tests owing to the different loading conditions. Under 
tensile loading, high triaxial stress induces cavitation or debonding of rubber 
particles, which increases the plastic deformation. Under shear loading, the 
relatively low triaxial stress suppresses the cavitation or debonding of rubber 
particles; therefore, brittle fracture was observed in our shear tests.

Figure 6. (a) force – displacement curves of three types of butt joint specimens. (b) illustration of 
the fracture behaviors of adhesive layers. (c) photographs of fracture surfaces. (d) laser microscope 
images of fracture surfaces. (e) epi-fluorescence microscope images of fracture surfaces.
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After moisture absorption, the maximum force of the Epoxy-1 specimen 
decreased by approximately 10%. This could be caused by plasticization and 
swelling of the adhesives.[9] As shown in the curve in Figure 6a, obvious plastic 
deformation was observed in the Epoxy-1 specimen after moisture absorption. 
In Epoxy-1 after moisture absorption, as illustrated in Figure 6b, the cracks 
propagated from the two adhesive edges to the center, and finally, the adhesive 
broke at the center. This different fracture behavior from that of the other two 
types of specimens can be attributed to plasticization, which prevents rapid 
crack propagation along the adhesive layer. Therefore, cracks can initiate and 
propagate at two stress concentration points. Photographs of the fracture 
surfaces are presented in Figure 6c, where thin-layer cohesive failure with 
relatively flat fracture surfaces was observed in the Epoxy-1 and Epoxy-2 
specimens. Images taken by a laser microscope (BX53, Olympus Corp., 
Tokyo, Japan) and an epi-fluorescence microscope (VK-X3000, Keyence 
Corp., Osaka, Japan) are provided in Figure 6d,e. The weak fluorescence 
observed in the enlarged image taken by the epi-fluorescence microscope 
revealed a thin-layer cohesive failure of the adhesive layers.

The shear strength of the adhesive joints was calculated as Fmax/(π∙r2), 
where Fmax is the maximum force and r = 4 mm is the radius of the adhesive 
layer. In this study, 48, 74, and 99 data points were collected for the adhesive 
joints of Epoxy-1, Epoxy-1 after moisture absorption, and Epoxy-2, respec
tively. The thickness of the adhesive layers was measured as 0.50 ± 0.07 mm. 
The averages and standard deviations of the shear strengths of the three 
specimen types are presented in Figure 7. The highest shear strength was 
measured for Epoxy-2 owing to its higher material strength (Figure 2). In 
Epoxy-1, moisture absorption not only reduced the shear strength but also 
lowered the magnitude of the standard deviation by approximately 50%. It can 

Figure 7. Averages and standard deviations of the shear strength of three types of specimens 
measured in high-throughput shear tests.
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be speculated that the plasticization of Epoxy-1 owing to moisture absorption 
suppressed the effect of random defects in the adhesive layers (i.e., voids and 
microcracks) on the dispersion of the shear strength.

5. Probability distribution of strength of adhesive joints

5.1. Histogram plots and probability plots

To investigate the probability distribution of the shear strength, histo
gram plots of the shear test results for the three types of specimens are 
plotted in Figure 8. A normal distribution curve was estimated and 
overlaid on each graph. In the histogram plots, the normal distribution 
appeared to have a better fit for Epoxy-1 than for the other two types of 
specimens. Figure 9 presents the probability plots of the shear strength 
measurements for (a) Epoxy-1 after moisture absorption, (b) Epoxy-1, 
(c) Epoxy-2, and (d) a comparison of the three types of specimens. The 
red line represents the reference line and indicates a normal distribu
tion. The black dashed lines in Figure 9a–c indicate the 95% confidence 
intervals for the normal distribution. The strength measurements of 

Figure 8. Histogram plots of the shear strength measurements for (a) Epoxy-1 after moisture 
absorption, (b) Epoxy-1, and (c) Epoxy-2. A normal distribution curve was estimated and overlaid in 
each graph.
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Epoxy-1 with moisture absorption presented the best fit with a normal 
distribution, where all data points were within the 95% confidence 
interval (Figure 9a). This result differs from the result of the histogram 
plots, where Epoxy-1 presented a higher normality. This might have 
been caused by the limitations of the histogram plots when determining 
the normality, as the dataset is not significantly large.

5.2. Quantile – quantile plots to find the best-fit distributions

A quantile – quantile (Q – Q) plot is a probability plot that graphically compares 
two probability distributions. It is typically used to compare a dataset with 
a theoretical distribution model to investigate its goodness of fit.[41–43]

5.2.1. Five probability distributions
Five commonly used distributions (normal, lognormal, exponential, Weibull, 
and gamma) were considered to determine the best-fit theoretical distribu
tions for the shear strength of the adhesive joints. Their probability density 
functions have the following forms: 

Figure 9. Probability plots of shear strength measurements for (a) Epoxy-1 after moisture absorp
tion, (b) Epoxy-1, (c) Epoxy-2, and (d) a comparison of the three types of specimens.
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where Г is the incomplete gamma function defined by 

where μ is the shape factor (mean) and σ is the scale factor (standard devia
tion). The normal (Gaussian) distribution,[44] which describes the symmetrical 
distribution of values about the mean, is an important tool for describing the 
random variation of data in various scientific disciplines. The lognormal 
distribution, which is a right-skewed curve, is widely used to describe the 
distribution of positive random data. In particular, its suitability for describing 
workplace exposure to contaminants[45] and biological data[46] has been vali
dated. The Weibull distribution is the most popular distribution used in 
modern statistics. It can fit data from numerous fields and is the most widely 
used distribution for material reliability and lifetime data analysis.[47] The 
Gamma distribution is commonly used to describe temporally averaged pre
cipitation statistics.[48] The exponential distribution is a special case of the 
Weibull and gamma distributions when the shape factor μ = 1.

5.2.2. Q – Q plots under various distributions
Q – Q plots of the shear strengths of the three types of specimens, i.e., Epoxy-1 
after moisture absorption, Epoxy-1, and Epoxy-2, are depicted in Figures 10– 
12 considering the five distribution functions. The Q – Q plots were generated 
using the commercial data analysis and graphing software OriginPro 
(OriginLab Corp.). Table 2 presents the scale and shape factors of each speci
men for various distributions. In Figures 10–12, the horizontal axis represents 
the theoretical quantiles of each distribution function and the vertical axis 
represents the experimentally measured shear strength. Five distributions were 
investigated: (a) normal, (b) lognormal, (c) exponential, (d) Weibull, and (e) 
gamma. Among the five theoretical distributions, the exponential distribution 
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failed to describe the shear strength distribution. The other four distributions 
appeared to provide a good fit to the experimental data. Most of the data fell 
within the 95% confidence interval, except for several maximum or minimum 
values in some graphs.

To quantitatively evaluate the goodness of fit of the five distribution 
functions and find the most appropriate theoretical distribution to describe 
the shear strength of adhesive joints, the minimum chi-square criterion,[49] 

Pearson correlation coefficient,[50] and coefficient of determination[51] were 
employed to test the five probability distribution models using the data of the 
Q – Q plots. The chi-square test is one of the oldest methods for testing the 
goodness of fit, and is described as follows: 

where xi and yi are the experimental and theoretical shear strengths in the Q – 
Q plot, respectively. The Pearson correlation coefficient rxy is calculated as 

Figure 10. Quantile–quantile (Q – Q) plots for Epoxy-1 after moisture absorption. Five distributions 
(a) normal, (b) Lognormal, (c) exponential, (d) Weibull, and (e) Gamma were investigated to assess 
the goodness of fit to experimental data.
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where x and y represent the means of xi and yi. The coefficient of determina
tion R2 is calculated as 

A smaller value of the chi-square test, χ2, or a larger Pearson correlation 
coefficient rxy and coefficient of determination R2 indicates a better fit.

The calculation results of the (a) chi-square test, (b) coefficient of determi
nation, and (c) Pearson correlation coefficient are summarized in Tables 3–5, 
respectively, for the three types of adhesive joints and five theoretical distribu
tions. The exponential distribution presented the worst fit to the shear 
strength, as shown in Figs. 10–12. In Table 3, the lowest χ2 was calculated 
for the Weibull distributions for Epoxy-1 and Epoxy-2. Especially for the 
brittle Epoxy-2, the Weibull distribution had χ2 of 0.174, which was much 
lower than that of the other distributions. It suggested that the Weibull 
distribution was particularly appropriate for describing the strength of brittle 
adhesive joints. The normal distribution had the lowest χ2 for Epoxy-1 after 

Figure 11. Q – Q plots for Epoxy-1.
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moisture absorption, whereas χ2 of the Weibull distribution was the second 
lowest following that of the normal distribution. In Table 4, an unusual 
negative R2 was calculated for the exponential distribution owing to the 
large variance between the experimental results and the exponential theore
tical strength. The magnitudes of rxy and R2 (see Tables 4–5) for the other four 
distributions were all above 0.93, suggesting a good fit to the shear strength. 
Among them, the Weibull distribution had the highest rxy and R2 for Epoxy-1 

Figure 12. Q – Q plots for Epoxy-2.

Table 2. Shape and scale factors of each specimen for various distributions.
Shape factor, μ Scale factor, σ

Epoxy-1 (wet) Epoxy-1 Epoxy-2 Epoxy-1 (wet) Epoxy-1 Epoxy-2

Normal 13.97 15.38 24.57 0.71 1.38 1.95
Lognormal 2.64 2.73 3.20 0.05 0.09 0.08
Exponential 13.97 15.38 24.57 - - -
Weibull 22.51 12.64 15.84 14.30 15.99 25.42
Gamma 381.71 124.13 153.27 0.04 0.12 0.16

Table 3. Chi-square test values χ2 of the data in Q–Q plots for three types of specimens and various 
distribution functions.

Normal Lognormal Exponential Weibull Gamma

Epoxy-1 (wet) 0.0578 0.0797 3416 0.0497 0.0716
Epoxy-1 0.0806 0.1419 1910 0.1172 0.1182
Epoxy-2 0.6256 0.9754 7360 0.1739 0.8367
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after moisture absorption and Epoxy-2. For dry Epoxy-1, the Weibull distri
bution had the second-highest rxy and R2, which were slightly lower than those 
of the normal distribution. Except for the exponential distribution, the mag
nitudes of rxy and R2 of each distribution surpassed 0.97 for the Epoxy-1 
specimens regardless of the moisture absorption. Although moisture absorp
tion contributes to the plasticization of Epoxy-1 and reduces the shear strength 
and its standard deviation, there were no significant differences in the magni
tudes of rxy and R2. For brittle Epoxy-2, the Weibull distribution was clearly 
superior to the other distributions according to the calculation results of rxy 
and R2.

In conclusion, among the five theoretical distributions, the normal and 
Weibull distributions seemed to have the best fit for the Epoxy-1 specimens 
regardless of moisture absorption. For brittle Epoxy-2, the Weibull distri
bution revealed a much better fit than the other distributions. Previous 
studies[15,21–25] have attempted to predict the strength of adhesive joints 
using the Weibull distribution function because of the intrinsic fracture 
mechanisms of brittle epoxy adhesives, which share some similarities with 
other brittle materials. The results of this study provided experimental 
evidence and a comparative analysis of various theoretical distributions 
and suggested that the Weibull distribution function can be an appropriate 
theoretical distribution to characterize the strength of brittle epoxy 
adhesives.

6. Conclusions

In this study, a high-throughput technique was developed to determine the 
probability distribution of the shear strength of adhesively bonded joints. 
Cylindrical butt joint specimens were prepared using a novel mechanical 
machining method. The specimens were then tested using a self-developed 

Table 4. Coefficient of determination R2 of the data in the Q–Q plots for three types of specimens 
and various distribution functions.

Normal Lognormal Exponential Weibull Gamma

Epoxy-1 (wet) 0.9792 0.9709 −321.5 0.9819 0.9741
Epoxy-1 0.9868 0.9763 −92.96 0.9816 0.9807
Epoxy-2 0.9579 0.9325 −128.5 0.9886 0.9430

Table 5. Pearson correlation coefficient rxy of the data in the Q–Q plots for three types of 
specimens and various distribution functions.

Normal Lognormal Exponential Weibull Gamma

Epoxy-1 (wet) 0.9896 0.9855 0.8661 0.9932 0.9870
Epoxy-1 0.9935 0.9882 0.8887 0.9924 0.9903
Epoxy-2 0.9788 0.9674 0.8170 0.9949 0.9717
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testing machine to evaluate the probability distributions of the shear strength 
of the adhesive joints, with special consideration for moisture absorption. The 
main conclusions are as follows:

● The proposed technique is promising for the efficient preparation and 
testing of adhesively bonded joints.

● A larger variance (i.e., standard deviation) of the shear strength was 
measured for adhesive joints with greater brittleness. Both the mean 
and variance of the shear strength decreased after moisture absorption. 
This could have been caused by the plasticization of the epoxy adhesives.

● The Weibull and normal distributions described the shear strength of the 
epoxy adhesive joints better than the lognormal, exponential, and gamma 
distributions. The Weibull distribution showed the best goodness of fit for 
brittle adhesives. This can be attributed to the similarities between the 
fracture mechanisms of brittle epoxy adhesives and other brittle materials 
such as ceramics.

The high-throughput method proposed in this study significantly improves 
the efficiency of testing adhesively bonded joints. It not only contributes to the 
study of the strength distributions of adhesive joints but also shortens the 
research and development cycle of new adhesives through rapid evaluation. 
The main limitation of the current method is that only one specimen type can 
be prepared at a time. Future work will address this limitation by preparing 
various types of specimens (i.e., adhesive type, thickness, curing condition) 
simultaneously. Additionally, the mechanical machining method will be 
expanded to prepare other specimens for evaluating different properties of 
adhesive joints.
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