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Introduction
In recent decades the use of adhesively bonded joints in industrial applications has 
become increasingly important and is replacing conventional joining techniques in many 
areas. In order to meet sector-dependent safety requirements the aging behavior of adhe-
sively bonded joints needs to be considered. Hereof, aging is defined as a reduction in 
strength or safety as a function of time caused by external factors including e.g. mechani-
cal stress, temperature and humidity. However, high number of potentially damaging fac-
tors on adhesively bonded joints in industrial applications makes it difficult to perform a 
reliable lifetime prediction while considering all relevant aging factors. Several models for 
describing degradation have been discussed in literature [1–8] which allow lifetime pre-
dictions as a function of one or two influencing factors, but these models do not consider 
the statistical variance of experimental data. The aim of this study is to develop a damage 
function for describing the aging of adhesively bonded joints and prediction of the safety 
level as a function of the influencing parameters temperature, humidity and load consid-
ering the statistical distribution of the experimental data. The development of this func-
tion is based on systematic aging studies by combining different models.

Abstract 

Durability and safety of adhesively bonded joints are of major importance in structural 
applications. The probability of failure of a bonded assembly after a certain period 
of time may be influenced by various aging effects including e.g. temperature and 
humidity. The correlation of results obtained from accelerated laboratory aging tests to 
long-term aging under service conditions often remains an unsolved challenge. In the 
present work, computer-based tools for non-linear regression analysis, estimation of 
reliability and lifetime prediction have been applied to experimental results obtained 
by accelerated aging of adhesively bonded shear specimens. Results obtained with an 
epoxy based adhesive and a hot-dipped galvanized steel as adherend are discussed. 
The modeling of the aging behavior is performed with combined functions referring 
to the EYRING as well as the PECK model which both appear appropriate for describing 
the experimental data. The safety prediction, based on the probability of failure as well 
as the safety factor β, is performed by using the EYRING model which fits the experi-
mental data in a more conservative manner.

Keywords:  Adhesively bonded joints, Accelerated aging, Safety, Extrapolation

Open Access

© The Author(s) 2018. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creat​iveco​mmons​.org/licen​ses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and 
indicate if changes were made.

RESEARCH

Groß and Geiß ﻿Appl Adhes Sci             (2018) 6:4  
https://doi.org/10.1186/s40563-018-0105-4

*Correspondence:   
katja.gross@mv.uni‑kl.de 
Workgroup Materials 
and Surface Technologies 
(AWOK), Faculty 
of Mechanical and Process 
Engineering, University 
of Kaiserslautern, 
Erwin‑Schrödinger‑Straße 
58, 67663 Kaiserslautern, 
Germany

http://orcid.org/0000-0002-5411-7090
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40563-018-0105-4&domain=pdf


Page 2 of 7Groß and Geiß ﻿Appl Adhes Sci             (2018) 6:4 

Experimental
Materials

In the present work, the single component hot curing epoxy adhesive Betamate® 1496F 
(Dow Automotive AG, Freienbach, Switzerland) was used to join adherends of hot-
dipped galvanized dual-phase steel (DP800Z) (Voestalpine Steel GmbH, Linz, Austria). 
The epoxy adhesive Betamate® 1496F is used in the automotive industry in order to 
increase the operation durability, the crash performance and the body stiffness [9]. Hot-
dipped galvanized dual-phase steels are commonly used in automotive engineering in 
complex structural components due to their excellent crash performance and corrosion 
resistance [10]. In order to represent typical adhesively bonded joints in industrial appli-
cations, the epoxy adhesive Betamate® 1496F is combined with hot-dipped galvanized 
steel exemplarily. The properties of the adhesive are presented in Table 1 and the proper-
ties of the adherends in Table 2.

Specimen manufacturing

Before adhesive application, the steel surface was degreased by manually wiping with 
acetone followed by an ultrasonic dip-cleaning using a 1:1-mixture of isopropanol and 
purified water. After chemical surface cleaning the steel adherends were bonded with an 
overlap length of 10 mm and a sample width of 25 mm using the epoxy adhesive. Since 
hot-dipped galvanized steel sheets were only available with a limited thickness of 2 mm, 
laminated shear joints [15] were prepared using spacers adjacent to the test panels while 
curing in the lamination press. The joint thickness was set to 0.7 mm and the curing was 
performed at 180 °C for 1 h.

Accelerated laboratory aging tests

In this study accelerated destructive degradation were performed in order to generate 
an experimental data base for doing a reliable safety prediction for adhesively bonded 
joints. These tests are used by engineers in the manufacturing industry for many decades 
in order to acquire reliability information in up-front testing more quickly than in tradi-
tional life tests [2, 16]. The accelerated laboratory aging tests of the adhesively bonded 
shear specimens in this study were performed at 60  °C/95% relative humidity (RH) 
and 80 °C/95% RH. As reference condition 23 °C/50% RH was used. For all conditions 

Table 1  Properties of the epoxy adhesive Betamate® 1496F

Young’s modulus (MPa) at 23 °C (ISO 527-1) [11] 1600

Maximum tensile strength (MPa) at 23 °C (ISO 527-1) [11] 32

Glass transition temperature (°C) at tan δ peak, 1 Hz (ISO 6721-1) [12] 105

Table 2  Properties of the hot-dipped galvanized steel (DP800Z) [10], pursant to EN 10346 
[13] and EN 10338 [14]

Yield stress (MPa) 440–550

Ultimate strength (MPa) 780

Ultimate strain (%) 14
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mechanical tensile shear tests were performed before starting the aging and after 4, 8 
and 12 weeks at the respective aging condition.

Mechanical tensile shear tests

The mechanical tensile shear tests were performed using a Midi 20-1074x10 (Mess-
physik Materials Testing GmbH, Fürstenfeld, Austria) universal testing machine with a 
traverse speed of 0.5 mm/min. Laminated shear joints were used for testing in order to 
avoid eccentricity when placed in the jigs of the testing machine and to minimize the 
bending during the tensile shear tests [15]. For all aging conditions five equivalent sam-
ples were tested after the respective aging times.

Results and discussion
Accelerated laboratory aging tests

The maximum tensile shear strength in dependence of aging condition and aging time is 
displayed in Fig. 1.

Figure 1 illustrates that the maximum shear stress decreases significantly at the condi-
tions with high humidity (60 °C/95% RH and 80 °C/95% RH). The slight increase in shear 
strength observed with samples after 8 weeks of aging at 80 °C/95% RH to 12 weeks is 
assigned to the relaxation of thermal stress caused by curing at 180 °C and physical aging 
taking place at temperatures approaching the glass transition temperature. In the case 
of the reference condition (23 °C/50% RH) the shear stress remains constant over time.

Development of time‑, temperature‑ and humidity‑dependent model function

In order to develop a model for predicting time-, temperature- and humidity-depend-
ent progression of aging under climatic conditions the commercial software JMP® (SAS 
Institute Inc., North Carolina, USA) was used. Since only modeling in dependence of 
one damaging factor for accelerated destructive degradation is possible, the damag-
ing factors were initially modeled separately from each other. Thus, the temperature 
dependence was modeled by keeping the relative humidity constant and then the abso-
lute humidity was modeled. Assuming a WEIBULL distribution Eq. 1, which contains 

Fig. 1  Maximum tensile shear strength τmax in dependence of aging condition and aging time
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an ARRHENIUS term [1], was determined to describe the change in maximum tensile 
shear stress τmax in dependence of temperature T and time.

For the function to describe the change in maximum tensile shear stress τmax in 
dependence of the absolute humidity AH and time Eq. 2 was chosen.

In literature [2, 8] two different procedures are proposed for combining the influences 
of temperature and humidity in accelerated degradation tests. According to the EYRING 
model [2] the influences of temperature and relative humidity are linked in the exponen-
tial ARRHENIUS term. In contrast the PECK model [8] uses a multiplicative connec-
tion of the term for describing the humidity influence and the ARRHENIUS term for 
describing the temperature dependence. In this study both approaches were examined. 
Referring to EYRING’s model Eq. 3 was obtained to describe the maximum tensile shear 
stress τmax in dependence of temperature, absolute humidity AH and time.
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Fig. 2  Maximum tensile shear strength τmax (dots) and combined functions to describe the temperature 
and humidity dependence of the maximum tensile shear strength referring to EYRING (solid line) and PECK 
(broken line)
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Likewise, referring to PECK’s model the functions to describe the temperature and 
humidity dependence are combined as follows:

The empirical constant m is calculated to be 0.08 by non-linear regression analysis 
with JMP® software (SAS Institute Inc., North Carolina, USA).

The combined functions based on EYRING and PECK and their ability to describe the 
change of the measure maximum tensile shear strength values are displayed in Fig. 2.

Figure 2 illustrates that both the PECK model as well as the EYRING model describe 
the measured values quite good. They are very similar to each other for describing the 
change in maximum tensile shear strength for 60 °C/95% RH and 80 °C/95% RH. A sig-
nificant difference is observed in describing the experimental data for 23  °C/50% RH. 
The EYRING model is more conservative than the PECK model which is why the follow-
ing saftey prediction was based on the EYRING model.

Safety prediction for reference condition

In order to predict the failure probability for the reference condition all experimental 
data of this condition were mathematically shifted in constant distance along the cor-
responding model line to a freely selectable future point in time. In this study 52 weeks 
were set exemplarily (Fig.  3). The shifting of the data in constant distance along the 
model line is based on the assumption that specimes which show a comparatively high 
tensile shear strength in the observation period will also show a comparatively high 
tensile shear strength at any future point in time. The respective assumption applies 
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Fig. 3  Measured maximum tensile shear strength τmax (circles), model function based on EYRING (line) and 
predicted values at the time of 52 (triangles) for 23 °C, 50% RH
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to specimens which show a comparatively low tensile shear strength. Based on these 
assumptions it is possible to include all experimental data to do a safety prediction for a 
certain condition considering a reliable variance.

The predicted values for the maximum tensile shear strength after 52 weeks are plot-
ted in a WEIBULL probability plot (Fig. 4).

Figure 4 illustrates that the predicted values are WEIBULL-distributed within the 95% 
confidence interval. For a given failure limit which is dependent on the specific case of 
application, the probability of failure is evident from the WEIBULL probability plot. If 
the failure limit is for example defined as 22 MPa the failure probability after 52 weeks at 
23 °C, 50% RH would be approximately 10%. Furthermore it is possible to calculate the 
factor of safety β [17] with the WEIBULL parameters given from the WEIBULL prob-
ability plot for a certain load.

Conclusion
In this study accelerated destructive degradation tests for tensile shear specimen were 
performed at three different aging conditions. As reference condition  23  °C/50% RH 
was used. The maximum tensile shear strength was used to characterize the aging and 
was modeled with combined functions of temperature and humidity referring to the 
EYRING model and the PECK model respectively. It became apparent that the EYRING 
model fits the experimental data in a more conservative manner. This is why the model 
function based on EYRING was used to predict safety for the reference condition.
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Fig. 4  WEIBULL probability plot of 23 °C, 50% RH with predicted values for the maximum tensile shear 
strength after 52 weeks
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