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I. INTRODUCTION

A. Problem statement and background

Accelerated Life Testing (ALT) is the process of testing a product by subjecting it to stresses (temperatures, humidity, voltage, vibration rate, pressure, etc.) higher than its normal service conditions. It aims at uncovering failures modes in a short amount of time and limited number of samples [START_REF] Elsayed | Overview of reliability testing[END_REF] [START_REF] Nelson | Accelerated Testing: Statistical Models, Test Plans and Data Analysis[END_REF]. Moreover, by analyzing the product's response to such accelerated tests, engineers can predict the life of the product at normal use conditions. ALT also allows one to compare two different designs from different suppliers or when a design is refreshed.

Determining the Acceleration Factors (AF) of the ALT conditions versus customer use conditions is the key to success in the ALT approach. The general formula to calculate the AF, is the following:

Eq.1 𝐴𝐹 = 𝑀𝑇𝑇𝐹 𝑢 𝑀𝑇𝑇𝐹 𝑠
where 𝑀𝑇𝑇𝐹 𝑢 and 𝑀𝑇𝑇𝐹 𝑠 are the Mean Time To Failure in, respectively, Use conditions and Stress conditions. In the assumption of constant failure rate, the MTTF is also the Mean Time Between Failures (MTBF), and Eq.1 becomes:

Eq.2 𝐴𝐹 = 𝑀𝑇𝐵𝐹 𝑢 𝑀𝑇𝐵𝐹 𝑠 = 1 𝜆 𝑢 1 𝜆 𝑠 = 𝜆 𝑠 𝜆 𝑢
where 𝑀𝑇𝐵𝐹 𝑢 and 𝑀𝑇𝐵𝐹 𝑠 are the MTBF in, respectively, Use conditions and Stress conditions. The 𝜆 𝑠 and 𝜆 𝑢 are the failure rates in, respectively, the stress conditions and in the use conditions. In other words, an AF is the ratio between the product life under a reference use conditions and its lifetime under stress conditions. It could be determined by testing or by modeling. We are focusing in this paper on the modeling approach and we are interested in its application on electronic boards. Several models exist in literature to calculate AF. TABLE I. gives examples of these models depending on the stress type. An overview of these acceleration models is given in [START_REF]Reliability Methodology for Electronic Systems, Edition A[END_REF] and [START_REF]Electronic components -Reliability -Reference conditions for failure rates and stress influence models for conversion[END_REF]. For example, the AF related to temperature is calculated according to the Arrhenius model, as shown the following equation:

Eq.3 𝐴𝐹 = 𝑒 𝐸 𝑎 𝐾 𝐵 ( 1 𝑇 1 - 1 𝑇 2 )
Where:

• Ea is the apparent activation energy (eV).

• k is Boltzmann's constant (8.62 × 10 -5 eV/K).

• T1 is the reference temperature (generally 293 K).

• T2 is the application temperature (K). TABLE II. below gives an example of AF calculation using the Arrhenius model. It shows that the AF is 6.6 if the temperature increases from 40°C to 80°C. This means that 1 hours under 80°C is equivalent to 6.6 hours under 40°C. In other words, increasing temperature from 40°C to 80°C will divide by 6.6 the product life. The determination of AF could be done by testing the system under several stress levels. A review of accelerated test methods is given in [START_REF] Nelson | Accelerated Testing: Statistical Models, Test Plans and Data Analysis[END_REF][3] [START_REF] Escobar | A Review of Accelerated Test Models[END_REF]. However, these approaches are costly and time consuming, especially for multi-components systems such as electronic boards. Several reliability prediction standards have implemented the models presented in TABLE I. and thereby, allow the calculation of AF. The MIL HDBK 217F [START_REF]Military handbook: reliability prediction of electronic equipment[END_REF], established in the 1950s, is one of the first standards created to help engineers to predict electronic components failure rate, in the hypothesis of constant failure rate. The failure rate of an electronic component under use conditions, λu, is calculated multiplying a reference failure rate λref, by the AF related to the specific stresses (i.e. temperature, voltage, etc.). The models' parameters, such as the activation energy for the Arrhenius model, were built by analyzing a huge amount of field data over a long period of time. Statistical analysis was then used to determine the equations which best modeled the failure characteristics of the accumulated data. The MIL HDBK 217F is no longer updated. Therefore, the failure rates of MIL-STD-217F do not have any connection with the actual specific characteristics of the component (construction feature, quality, etc.). Over the years, other standards, such as Bellcore-Telecordia and Siemens, were created. They updated the data for the components and products used within their own specific industries.

FIDES [START_REF]Reliability Methodology for Electronic Systems, Edition A[END_REF] and IEC 61709 [START_REF]Electronic components -Reliability -Reference conditions for failure rates and stress influence models for conversion[END_REF] are the most complete and up-to-date standards containing models to calculate the acceleration factors for electronic components. Moreover, the values of λref come from the component manufacturers, while in MIL-STD-217F all values come only from its own internal tables. We are interested here in FIDES standard. It was created by a consortium of French companies in January 2004, encouraged by the French Ministry of Defense to develop a more precise reliability handbook: the FIDES guide [START_REF]Reliability Methodology for Electronic Systems, Edition A[END_REF]. The FIDES methodology is based on physics of failures built from the analysis of test data, field data and existing models. It is thus distinguished from former methods developed mainly from statistical interpretation of field data [START_REF]Reliability Methodology for Electronic Systems, Edition A[END_REF]. FIDES standard is updated periodically in order to cover technological evolutions to extend its scope and to include any improvements. The predictive models developed for the various families of components follow the state of the art as technologies evolve. For these reasons, we decided to apply the FIDES methodology in our work. Many commercial tools have implemented the FIDES standard. We are using the λ-Predict tool from Reliasoft ® . The application's scope of all the existing standards, including FIDES, is restricted to reliability prediction of a system or a component in given use conditions. We are proposing in this paper to extend this scope to design Accelerated Life Tests (i.e. defining the number of units, as well as the time, required to demonstrate a given reliability target).

In section 2, we will present the case study we used to implement our methodology.

B. Case study description

Markem-Imaje develops and manufactures several technologies of printers (Continuous Ink Jet, Print & Apply, Thermal Transfer Overprinting, Laser, Thermal Ink Jet). It provides global reach to over 50,000 customers with 30 subsidiaries, six technology centers, several equipment repair centers and manufacturing plants. We are addressing a wide range of industry sectors including foods, cables, tubes, beverages, electrical & electro, automotive, pharmaceuticals, plastic, cosmetics, etc. Our printers are sold in the five continents.

This study is related to a new project, which aims at developing a new electronic board for one of our printers. The final goal is to estimate the electronic board's reliability over time and make sure it is aligned with the reliability target established by the quality department: MTBF=300,000 hours, with confidence level 90%. We have 30 units available for testing.

To that end, we decided to design an ALT. We have a climate chamber that could run the test under 80°C. For simplicity reason, we will focus in this study on the thermal stress. The Arrhenius model is then applied.

The main difficulty we have faced is how to define the test duration required to demonstrate the reliability target. In the next section, we will recall briefly how failure rates and AF are calculated in FIDES. Then, in section III, we will present our methodology to show how FIDES could be used to design an accelerated life test. The results obtained will be discussed in section IV.

II. FIDES: A BRIEF RECALL

The FIDES general model is used to calculate the failure rate of an electronic product before any redundancy or architectural consideration. As shown in Eq.1, the global failure rate of an electronic product is obtained by summating all failure rates for each of its constituent items.

Eq.4

𝜆 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 = ∑ 𝜆 𝑖𝑡𝑒𝑚 𝑛 𝑖𝑡𝑒𝑚𝑠
According to the FIDES guide [START_REF]Reliability Methodology for Electronic Systems, Edition A[END_REF], the failure rate of an item is calculated through the following equation:

Eq.5 𝜆 𝑖𝑡𝑒𝑚 = 𝜆 𝑃ℎ𝑦𝑠𝑖𝑐𝑎𝑙 . П 𝑃𝑀 . П 𝑃𝑟𝑜𝑐𝑒𝑠𝑠
Where:

• 𝜆 represents the physical contribution.

• П 𝑃𝑀 (PM for Part Manufacturing) represents the quality and technical control over manufacturing of the item.

• П 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 represents the quality and technical control over the development, manufacturing and usage process for the product containing the item.

We are focusing here only on the Physical contributor.

Eq.6

𝜆 𝑃ℎ𝑦𝑠𝑖𝑐𝑎𝑙 = [∑ (𝜆 0 . П 𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 ) 𝑃ℎ𝑦𝑠𝑖𝑐𝑎𝑙 𝑠𝑡𝑟𝑒𝑠𝑠 ]. П 𝑖𝑛𝑑𝑢𝑐𝑒𝑑

Where

• The П 𝑖𝑛𝑑𝑢𝑐𝑒𝑑 induced factor represents the contribution of induced factors, also called overstresses, inherent to an application field. It is related to the influence of the item placement in the equipment, the usage environment for application of the product containing the item and influence of the policy for taking account of overstresses in the product development (see [START_REF]Reliability Methodology for Electronic Systems, Edition A[END_REF] for more details).

• The term between brackets represents the contribution of normal stresses.

• 𝜆 0 is the basic failure rate of the item related to reference use conditions (e.g. T°=25°C).

• П 𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 is an Acceleration Factor (AF) expressing the sensitivity to usage conditions. It is related to physical stresses normally applied to the product during its operational use, i.e. thermal, temperature cycling, electrical, mechanical and chemical stresses. The acceleration models related to these stresses are presented in [START_REF]Reliability Methodology for Electronic Systems, Edition A[END_REF]. An example of the acceleration model related to temperature, i.e. Arrhenius, is presented in Eq.3 and TABLE II.

III. USING FIDES TO DESIGN AN ALT

Designing an Accelerated test consists of defining the number of units, as well as the test duration required to demonstrate a given reliability target. Let's consider our case study intended to demonstrate reliability target MTBF=300,000 hours, with confidence level 90%. We have 30 units available for the test. We will perform a thermal aging under constant temperature 80°C. Then, the test duration is the only missing parameters to design our ALT.

A. Determining an ALT duration

The following equation allows to estimate the demonstrated MTBF during an test:

Eq.7 𝑀𝑇𝐵𝐹 𝑖𝑛𝑓 ̂= 2×𝑇 𝑟 ×𝐴𝐹 𝛘 1-𝛼 2 (2𝑟+2)
Where:

• 𝑇 𝑟 = 𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑡𝑒𝑠𝑡 𝑡𝑖𝑚𝑒 = ∑ 𝑋 (𝑖) 𝑟 𝑖=1 + (𝑁 -𝑟)𝑇 𝑡𝑒𝑠𝑡
• X(i) = the failure time of unit i

• Ttest = test duration

• r = the number of defective units during the test

• N = is the total number of units under test

• AF = is the Acceleration Factor • 1-α = Confidence level
• 𝛘 1-𝛼 2 (2𝑟 + 2) = is the Khi2 statistical correction factor for a specified confidence level (1-𝛼) and r observed failures at 𝑇 𝑜𝑏𝑠 time in test.

For a given MTBF target, the minimum time required to demonstrate this target by an ALT is given by the following formula:

Eq.8 𝑇 𝑟 𝑖𝑛𝑓 ̂= 𝑀𝑇𝐵𝐹 𝑡𝑎𝑟𝑔𝑒𝑡 𝛘 1-𝛼 2 (2𝑟+2)

2×𝐴𝐹

For a "zero failure" assumption (i.e. r=0) as acceptance criterion for the ALT, the minimum test duration required to demonstrate the reliability target is given by the following formula:

Eq.9

𝑇 𝑡𝑒𝑠𝑡 = 𝑇 𝑟 𝑁 = 𝑀𝑇𝐵𝐹 𝑡𝑎𝑟𝑔𝑒𝑡 𝛘 1-𝛼 2 (2) 2×𝐴𝐹 𝑁
As shown in Eq.9 the test duration is sensitive to the Acceleration Factor. To illustrate this impact, let's consider two Acceleration Factor values (e.g. AF=6.6 and AF=19) and define the corresponding test duration required to demonstrate the same reliability target (i.e. MTBF=300,000 hours, with confidence level 90%, with 30 units). According to TABLE III. while 1077 hours are required when the AF is 19, approximately 3342 hours are required when the AF is 6.6. This emphasizes how important is to estimate accurately the AF.

B. Using default Activation Energy to estimate tests Acceleration Factor at assembly level

As shown in Eq.3, the Activation Energy, Ea, is one of the main inputs in the Arrhenius model to calculate an AF. Ea=0.7 eV is a commonly accepted value of Activation Energy for electronic boards. Using the 0.7 eV average value for the activation energy results in the calculation that for every rise of 10°C, a component's life is approximately reduced by 50%. This is a round number and it's easy to remember. This is probably where that 'rule' came from, but there is no evidence to support this assertation.

One can be tempted by using the Activation Energy values provided by standards like FIDES. For example, a default Activation Energy Ea=0.4 eV is proposed by FIDES for a generic COTS (Commercial Off-The-Shelf), when no details about the inner components is known. An overestimation of the AF, and thereby of the demonstrated reliability, can have a dramatic impact on the field reliability and thereby on the customer satisfaction. On the other hand, an underestimation of the AF increases test costs and the supplier's risk (i.e. to reject a good design).

Using a default Activation Energy at assembly level could be misleading. In fact, the Activation Energy could depend on the stress conditions. Moreover, a default value doesn't take into account neither the characteristic of each inner component, nor the fact that each failure mode could have a specific Activation Energy. That's why FIDES recommends considering the component level rather than the assembly level, when it is possible [START_REF]Reliability Methodology for Electronic Systems, Edition A[END_REF].

In the next section, we will propose a new methodology to determine the Acceleration Factor, by applying FIDES at the component level.

C. Using FIDES to estimate the AF with consideration of the component level

Our methodology is described in the following steps:

• Step 1: Create a FIDES model for the electronic board, at component level.

• Step 2: Define the Life Profile related to the use conditions (temperature, thermal cycling, humidity, vibration, and environmental pollution).

• Step 3: Use the FIDES model to predict the electronic board life, i.e. the expected 𝑀𝑇𝐵𝐹 𝑢 in use conditions.

• Step 4: Define ALT profile, i.e. define the stresses levels to be applied during the ALT (temperature, thermal cycling, humidity, vibration, etc.).

• Step 5: Consider the ALT conditions as Life Profile in FIDES and calculate the expected 𝑀𝑇𝐵𝐹 𝐴𝐿𝑇 in stress conditions. All other FIDES parameters listed in Eq.5 (i.e. П 𝑃𝑀 and П 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 ) are the same as step 3. The only difference is related to the stresses.

• Step 6: The Acceleration Factor of the ALT conditions versus nominal customer use conditions is none other than the ratio between the 𝑀𝑇𝐵𝐹 𝑠 related to the ALT conditions and the 𝑀𝑇𝐵𝐹 𝑢 related to the use conditions, already given in Eq.2: 𝐴𝐹 𝐴𝐿𝑇 = 𝑀𝑇𝐵𝐹 𝑢 𝑀𝑇𝐵𝐹 𝐴𝐿𝑇

• Step 7: Having the reliability target 𝑀𝑇𝐵𝐹 𝑇𝑎𝑟𝑔𝑒𝑡 , (i.e. 300,000 hours for our electronic board), the number of units (i.e. 30 samples) and the 𝐴𝐹 𝐴𝐿𝑇 , the ALT duration is determined using Eq.9, that we recall below:

𝑇 𝑡𝑒𝑠𝑡 = 𝑇 𝑟 𝑁 = 𝑀𝑇𝐵𝐹 𝑡𝑎𝑟𝑔𝑒𝑡 𝛘 1-𝛼 2 (2)
2×𝐴𝐹 𝐴𝐿𝑇

𝑁

The whole process is summarized in TABLE V. 

A. Results disussion

As shown in TABLE V. the approach we are proposing allows to:

• Estimate the Acceleration Factors at system level, at components level, and at stress level. We can notice, for example, that the AF corresponding to the electronic board is 17, the AF related to the ceramic capacitor is 5 and the AF related to the thermal stress is 20.

• Define a multi-stress ALT and quantify the contribution of each stress. For instance, the main impacting stresses in our case study are the temperature and the humidity, with respectively 954 FITS (Failure-In-Time, per billion hours) and 824 FITS.

• Identify the main contributor components to the failure rate. For instance, we can note that the discrete semiconductors and the integrate circuit are the main contributor to the failure rate.

We performed other simulations, using only temperature as stress factor. Then, we compared the results with those obtained through the application of the Arrhenius model considering the default activation energy Ea=0.7eV. The comparison is given in TABLE VI.

We can notice in TABLE VI that the gap between the AF calculated using our methodology and the AF calculated using a default Ea=0.7eV increases with the gap between the ALT temperature and the usage temperature. But globally, the AF remain in the same range. 

B. Precaution

The results obtained in this paper must be considered with caution. The prediction of failure rates under ALT conditions is not in the scope of FIDES, nor of other reliability prediction standards. The FIDES parameters, such as the Activation Energy Ea, may depend on the stress level. It is evident that the higher the ALT stress, the larger will be the gap between our proposal and the original scope of FIDES.

However, this issue is attenuated by the fact that we are not interested in the failure rate prediction under ALT conditions itself. Rather, we are interested in the ratio between the failure rate under ALT conditions and the failure rate under usage conditions 𝜆 𝐴𝐿𝑇 𝜆 𝑢 . All the FIDES parameters related to П 𝑃𝑎𝑟𝑡 𝑀𝑎𝑛𝑢𝑓𝑎𝑐𝑡𝑢𝑟𝑖𝑛𝑔 and П 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 (see Eq.5) are kept the same. Only stress levels are changed (i.e. ALT stresses versus use stresses). Accordingly, this ratio allows to overcome the issues related to the overestimation, as well as underestimation, of the failures rates.

V. CONCLUSION AND FUTURE WORK

In this paper, we are proposing a new methodology to estimate the Acceleration Factors (AF) of an Accelerated Life Test (ALT). It consists of applying FIDES methodology to estimate the failure rate under ALT conditions, 𝜆 𝐴𝐿𝑇 , and the failure rate under use conditions, 𝜆 𝑢 . The AF is then the ratio between the two failures rates conditions 𝜆 𝐴𝐿𝑇 𝜆 𝑢 . This approach allows to estimate the AF at system level, at components level, and at stress level. also allows to design a multi-stress ALT and quantify the contribution of each stress, as well as of each component.

The results obtained for an electronic board when using our methodology and when using the Arrhenius model, with a default activation energy Ea=0.7eV, are comparable. However, additional work is required to validate our approach. For the electronic board under development we launched a thermal ALT. A first assessment will be obtained at the end of this ALT, by comparing the predicted failure rate 𝜆 𝐴𝐿𝑇 ̂and the failure rate 𝜆 𝐴𝐿𝑇 demonstrated by the test. We expect the 𝜆 𝐴𝐿𝑇 ̂ to be overestimated. That's why a final validation will be possible when the field reliability will be available. In parallel, we will consider an old electronic board, on which we already have field feedback since 2015. We will apply the same approach, i.e. FIDES estimation of the AF and performing an ALT. The comparison between the ALT results and the field results will allow us to assess our methodology.

  

TABLE I .

 I EXAMPLES OF MODELS TO CALCULATE ACCELATION

		FACTORS
	Stress type	Model to calculate AF
	Thermal	Arrhenius
	Thermal Cycling	Norris-Landzberg, Confin-Manson
	Mechanical	Basquin
	Humidity	Peck
	Thermal Electrical Eyring

TABLE II

 II 

	.	USING ARREHINUS MODEL TO CALCULATE ACCELERATION
		FACTORS
		Model parameter	Value	Unit
		Ea: 0.45	eV
		k: 0,00008617 eV/Kelvin
		T1: 40		°C
		T2: 80		°C
		AF: 6.6

TABLE III

 III 

	.	KHI2 ESTIMATION OF TEST DURATION	
	Model			
	parameter	Option 1	Option 2	Unit
	MTBF target =	300 000		hours
	R =	0		
		(no failure is accepted during the test)	units
	N =	30		units
	AF =	6.6	19	
	Confidence Level =	90		%
	Test duration Tobs	3342	1077	Hours

TABLE IV .

 IV shows that the AF corresponding to an activation energy Ea=0.7 (i.e. 19) is multiplied by almost three compared to the AF obtained when Ea=0.45 (i.e. 2.7). Consequently, the testing time is divided approximately by the same ratio.

TABLE IV .

 IV ARREHINUS MODEL SENSITIVITY TO THE ACTIVATION ENERGY EA

	Arrhenius			
	model's	Case 1	Case 2	Unit
	parameters			
	Ea:	0.45	0.7	eV
	k:	0,00008617	eV/Kelvin
	T1:	40		°C
	T2:	80		°C
	AF	6.6	19	

TABLE V .

 V USING FIDES TO ESTIMATE AF FOR ALT IV. DISCUSSION

TABLE VI .

 VI COMPARISON OF AF USING DEFAULT EA=0.7EV VERSUS COMPONENTS APPROACH VIA FIDES