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In this  paper,  the  changes  in chromaticity  of LED  lamps  given  by online  test  during  acceler-
ated  aging  under  thermal  stress  were  studied.  Firstly,  two  online  accelerated  aging  tests  of
a  same  type  of  lamps  were  conducted,  with  one  test  at  the  temperature  of 60 ◦ and  another
at the  temperature  of  80 ◦. With  the  experimental  data,  the  activation  energy  was  obtained
through  the  Arrhenius  model,  and  then  the  accelerated  aging  time  at the  temperature  of 80 ◦

equivalent  to 6000  h aging  at temperature  of 25 ◦ was  calculated.  Secondly,  the  correlated
color  temperature  (CCT)  and  color  shift  during  accelerated  aging  test  at the  temperature  of
80 ◦ were  measured  by  both  online  test and  offline  test. It was  shown  that  the  increment
amounts  of  CCT  and  color  shift  given  by  the  online  test  were  both  about 20%  higher  than
that  given  by  the  offline  test.  The  t test  and  t’  test  were  used  to verify  the  difference  in
chromaticity,  which  shows  that  the  difference  is of  statistical  significance.  Therefore,  the
change  of  CCT  and  color  shift  given  by the  online  test  during  accelerated  aging  can  be  used
to judge  the failure  of  lamps  with  some  revision  of  the current  criterions.

© 2018  Elsevier  GmbH.  All  rights  reserved.

1. Introduction

With the advantages of long lifetime, energy conservation and environmental protection, LED light source, as the new
energy source of fourth generation, has been widely used in various lighting fields [1–3]. Therefore, many experts are working
on the study of its long lifetime and good reliability. Currently, the failure standards to evaluate the lifetime of LED products
include IES LM-79-08, IES LM-80-08, IES TM-21-11 and so on [4–9]. In these standards, the main parameters to evaluate the
failure of those products can be summarized as two aspects of photometry and chromaticity. The two  aspects should be used
to determine the failure of products, rather than one of them. However, at present, the criterion of the lifetime estimation
for LED products is mainly the luminous flux of photometric. The test methods include the 6000 h aging test [10–12], and
the accelerated aging tests. The latter is proposed in order to reduce the test time, and it can be divided into the constant
stress accelerated aging tests [13–16] and the step-stress accelerated aging tests [17–19].

In our previous works, accelerated aging tests of LED lamps at various ambient temperatures were conducted where
the luminous fluxes were measured at accelerated aging temperature, and the online tests were then used to deduce the
accelerated lifetime of the lamp [26–29]. It has been verified that the accelerated lifetime of lamp given by online test is in
good agreement with that given by the offline test at ambient temperature of 25 ◦.
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Table  1
The references of chromaticity.

Authors Time Aging conditions Test temperature Color shift

Royer et al [20] >6600 h 25 ◦ 25 ◦ 0.007
Qian  et al [21] 4000 h 25 ◦ 25 ◦ 0.005
The  US Department of Energy [22] 6000– 8000 h 25 ◦ 25 ◦ 0.007
Lall  et al [23] 10,000 h 25 ◦ 25 ◦ 0.006
Mehr  et al [24] 3000 h 100 ◦ , 120 ◦ , 140 ◦ 25 ◦ 0.005
Lall  et al [25] 500 h 85 ◦ (temperature), 85% (humidity) 25 ◦ 0.0045

At present, the color shift which is the variation of (u’ v’) units on the CIE 1976 u’,v’ diagram, is used to give the degradation
of LEDs on chromaticity. The variation is almost required at ambient temperature of 25 ◦ by offline test [20–25], as shown
in the Table 1. For the chromaticity of LED, the current standards are almost formulated according to value measured at
ambient temperature of 25 ◦. The chromaticity coordinates are related to the color tristimulus values, which depends on
the color visual characteristics of human eyes under the normal environmental conditions. As the temperature increasing,
the correspondent spectrum changes, as well as the chromaticity. However, the values of chromaticity by online test are
measured at the aging temperature. Therefore, the values of chromaticity in online test during accelerated aging are totally
different from that in offline test, and the difference needs to be investigated.

In this paper, two online accelerated aging tests of the same type of lamps were conducted, with one test at the tem-
peratures of 60 ◦ and another at 80 ◦. From the experimental data of the luminous fluxes, the characteristic lifetimes in the
failure probability of Weibull distribution were obtained which were then used to calculate the activation energy according
to Arrhenius model. With the acquired activation energy, the accelerated aging time at the temperature of 80 ◦ equivalent
to 6000 h aging at the temperature of 25 ◦ was determined and adopted in the following test. Secondly, the CCT and color
shift during accelerated aging test at the temperature of 80 ◦ were measured by both online test and offline test. The results
given by the two tests were compared, and the t test and t’ test were used to verify if the differences in chromaticity are of
statistical significance.

2. Theoretical analysis

2.1. The exponential decay law and two-parameter Weibull distribution

The lumen maintenance of LED product meets the exponential decay law [8]:

˚t
˚0

= exp(−ˇTj t) (1)

where˚t˚0
is the lumen maintenance, t is the aging time, j represents the j-th stress, Tj represents the value of junction

temperature for the j-th stress, and ˇTj is the decay rate which indicates that the luminous flux of sample should be measured
by online test. The change of ˇTjoverTjsatisfies the Arrhenius model:

ˇTj = A exp(−Ea/kTj) (2)

where A is a constant, Ea represents the activation energy and k is Boltzmann’s constant. The accelerated aging time is
considered to be the lifetime of �jof LED lamp when the lumen maintenance in Eq. (1) equals 0.7, which is expressed as:

�j = − ln(0.7)
ˇTj

(3)

The failure probability of the LED lamps over time is consistent with two-parameter Weibull distribution [30–32]:

F(�j) = 1 − e
−
(
�j
�j

)m
(4)

Where F(�j) is the failure probability, m represents the so-called shape parameter and �j represents the characteristic
lifetime which is the lifetime when the failure probability is equal to 0.632. The unknown parameters of shape parameter
and characteristic lifetime in Eq. (4) can be solved by the maximum likelihood function method together with the acquired
lifetimes of lamps, and actually we complete this process by use of the command ẅblfitïn MATLAB software toolbox. The
accelerated lifetimes of the samples under j-th stress are input firstly, and then the command of “wblfit” is sent to get the
unknown parameters of Weibull distribution.

According to Eq. (2), the activation energy in Arrhenius model can be obtained with the characteristic lifetimes under
two thermal stresses:

Ea =
k ln

(
�j/�j+1

)
1/Tj − 1/Tj+1

(5)
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