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Abstract

:

To lengthen the life of a mechanical system, parametric accelerated life testing (ALT) is recommended as an established way to help identify structural imperfections and reduce fatigue-related failures. It involves (1) a parametric ALT scheme, (2) fatigue design, (3) ALTs with alterations, and (4) an estimate of whether design(s) achieve the BX lifetime. The application of a quantum-transported time to failure prototype and a sample size expression is also suggested. The improvements in the reliability of a water dispenser made of stainless steel or polypropylene (PP) in a bottom-mount domestic refrigerator was used as a case study. In the first ALT, the hinge and front corner of the dispensing system was cracked. The water dispenser lever was altered by increasing the thickness of its ribs and fillets. In the second ALT, the altered dispensing lever system cracked because there was an insufficient thickness in its front corner for impact loading. The critical design factors for improving reliability were corner fillet rounding and rib thickening in a dispenser lever. As there were no difficulties in the third ALT, the dispenser life was verified to have a B1 life of 10 years.
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1. Introduction


To be competitive in the marketplace, even traditional appliances, such as refrigerators, must be improved with new technologies and features to meet the demand of consumers. If a system with these new features is rushed to the market without sufficient testing that mimics consumers’ use of these features, there is the potential for premature failure of the system due to these new features. These premature failures can negatively affect the perception of the quality of the products produced by the manufacturer. To avoid having unexpected design flaws in the field, the new features of a designed system should be assessed in the developing stages of the product before releasing into the field. Developing a new mechanical product requires a methodology that includes reliability quantitative (RQ) specifications [1].



To prevent recalls of a mechanical system from the field that have design defects [2,3,4], the system should be designed to survive the typical operating conditions implemented by consumers who purchase and use the product. The Boeing 737 MAX passenger aircraft from March 2019 to December 2020 was grounded after 346 persons lost their lives in a pair of crashes. The airplanes adopted the CFM International LEAP-1B engines using the optimized 68-inch fan design; these engines consumed 12% less fuel and were 7% lighter than other engines [5,6]. Investigators, including the Ethiopian Civil Aviation Authority, tentatively deduced that the crash was created by the aircraft’s engine design. Potential problematic parts need to be verified by proper reliability testing, such as ALT, which may generate reliability quantitative (RQ) statements [7,8].



Fatigue is often the primary origin of failure in metallic components, accounting for approximately 80–95% of all structural failures [9]. Fatigue exhibits itself in cracks that typically originate from high-stress concentrations, such as grooves, thin surfaces, holes, etc., in mechanical products. Fatigue is the weakening of a material often created by cyclic loading during the customer usage of the mechanical system. Fatigue failures may create disastrous outcomes in a mechanical product such that the system failure might result in injury or death to the persons using the product. A significant consideration is being focused on the low-cycle fatigue of superalloys, particularly in the field of turbine engines made of nickel-based polycrystalline materials [10,11]. Fatigue also has some quantifiable elements, such as the stress ratio, R (=σmin/σmax), or mean stress, which can be interpreted as the relationship of the maximum cyclic stress to the minimum cyclic stress [12]. Employing a stress ratio, which is manifested as an accelerated factor (AF) in parametric ALT, can help pinpoint the structural imperfections (stress raisers) in the mechanical system.



Engineers often identify designs and fix imperfections using Taguchi’s robust method [13,14] and/or design of experiments (DOE) [15]. DOE is a structured way to determine the correlation between elements influencing a process and its production. The objective of DOE is to ensure that the components are designed in the most favorable way for the working (or environmental) circumstances. DOE is performed for some of the factors that affect the system designs. The usefulness of a factor is demonstrated by analysis of variance (ANOVA). Taguchi’s method shows the robustness of system design and its evaluation. It places the optimum design where the ‘‘noise’’ factor does not have an effect. Because the DOE user, including Taguchi’s design method, may not be aware of which factors are important and there is no failure mechanism such as fatigue in the algorithm, these approaches may demand large computations, but they may not provide for optimal design.



Engineers often have used the strength of materials as one input to traditional design [16,17]. A recent study indicated that a critical factor in fracture mechanics [18] could be using fracture toughness as a property of material strength. With the application of quantum mechanics, designers recognize that product failure occurs from microscale or nanoscale voids observed in engineering plastics or metallic alloys. If limited parts and testing times are used [19,20,21,22,23,24], this approach may not reproduce the structural imperfections of parts in a multimodule structure or pinpoint the fatigue that happens to the parts by end-users in the field. To identify the fatigue in a product operated by a machine, a life-stress prototype [25,26] might be combined with a (quantum) mechanics approach to identify an existing imperfection or crack in materials because failure often stochastically occurs in the areas of locally high-stress concentrations.



An alternative approach is to use the finite element method (FEM) [27,28]. Engineers believe that failure can be identified through (1) strict mathematical (Lagrangian or Newtonian) representation; (2) estimating the time response for (dynamic) loading, which produces the stress/strain in a product; (3) utilizing the established method of rainflow counts with von Mises stress [29]; and (4) assessing system usefulness by Palmgren–Miner’s principle [30]. Employing this structured approach may supply some closed formation solutions. However, this approach may not identify fatigue failure in a multimodule system that is caused by matter imperfections such as microvoids, thin surfaces, contacts, etc.



This paper suggests parametric ALT as a general way to generate reliable quantitative (RQ) statements, such as the assigned mission cycles, to pinpoint design imperfections of a new product and provide an approach for changing and improving the design of the product. This established process for identifying the causes of failure mode and improving reliability examines appropriate design responses to address failures in mechanical products such as airplanes, automobiles, appliances, etc. The structured method includes (1) an ALT strategy produced on the BX life, (2) load inspection, (3) parametric ALTs with structural modifications, and (4) an estimation of whether the product design(s) secures the desired BX life. To prove the effectiveness of the parametric ALT, it is required to assess the newly designed product in the market to reach the targeted lifetime. A quantum-transported time to failure prototype and sample size derivation are also proposed. A new water dispenser system in a bottom-mounted refrigerator (BMF) is used to demonstrate the process.




2. Parametric ALT for a System Operated by a Machinery


2.1. Denotation of BX Life


Mechanical systems (automobiles, aircraft, construction machines, and refrigerators) use power to fulfill a desired purpose through an adapting mechanism [31]. Forces are used to provide motion of mechanisms in the product. This motion means that the product will be subjected to repetitive loads. In a component of a multimodule mechanical system, fatigue occurs when there are stress raisers due to sharp edges, thin surfaces, notches, etc., in a part.



For example, a typical domestic refrigerator utilizes the vapor compression refrigeration cycle. In the evaporator, cold air is produced so that the refrigerator can maintain freshness for the foodstuffs in the freezer and refrigerator compartments. Figure 1 shows that a refrigerator includes several self-contained systems (or modules). These include the door and cupboard, boxes and shelves, reciprocating compressor or electric motor, condenser and evaporator, water and ice equipment, control system, and other components. A refrigerator can be made up of as many as 2000 parts. It can be composed of 20 units (or 8~10 modules), with all units possessing approximately 100 components (or parts).



If the target of a product’s lifetime is assumed to be no fewer than a B20 life of 10 years, the life target of all units might be at least a B1 life of 10 years. When a new module, designated as Module #3 in Figure 2, has a structural imperfection and fails prematurely, this module determines the system life for the entire refrigerator.



The BX lifetime, LB, might be defined as a measure of life that X percent of the population could have failed. That is, “BX life Y years” is a more suitable phrase. For instance, if the life of a mechanical system is a B20 life of 10 years, 20% of a collection of items under consideration could have failed for ten years. Conversely, as the inverse of the failure rate, the B60 lifetime, which signifies the mean time to failure (MTTF), should not be employed for the product life because it is too long of a period of time for 60% of the product population to fail. The BX life might designate a more appropriate index for product life.




2.2. Placing a Complete ALT Strategy


Reliability can be expressed as the system’s capability to run under specified situations for an expressed mean length of time [32]. It is typically illustrated with the “bathtub curve”, which is described as the middle curve in Figure 3. The bathtub curve has three sections which can be stated according to the shape parameter on the Weibull plot. That is, in the first section, there is a decreasing rate of failure in the earlier portion of the mechanical product’s lifetime (β < 1). In the second section, there is the constant rate of failure (sometimes a slanted line, β = 1) during the middle life of the product, which follows an exponential distribution. Eventually, there is an increasing rate of failure to the end of the merchandise’s lifetime (β > 1) that pursues a Weibull distribution function. There is no initial value of the shape parameter, β, because there is no testing data or market statics. As an initial guess, β = 2 might be used in the wear-out section before it will be validated by parametric ALT.



The reliability function,   R  ( t )   , is defined as   R  ( t )  = 1 − F  ( t )   (  o r   X  )   . The accumulative distribution function (CDF),   F  ( t )   (  o r   X  )  = 1 − R  ( t )   , is defined by:


  F  ( t )  = P  (  T < t  )   



(1)







The failure rate, λ, on the (slanted) bathtub curve in Figure 3 can be expressed as:


  λ  ( t )  = f  ( t )  / R  ( t )  =   d F  ( t )  / d t   R  ( t )    =      (  1 − R  ( t )   )   ′    R  ( t )    =   −  R ′   ( t )    R  ( t )     



(2)




where f is the failure density function.



If Equation (2) is integrated with respect to time, the X% cumulative failure, F(LB), at t = LB can be evaluated. That is, F(LB) might be stated as follows:


  F  ( t )  = ∫ λ  ( t )  d t = − l n R  ( t )   



(3)






  Or A  (  o r   X  )  = ⟨ λ ⟩ ·  L B  =  ∫ 0   L B    λ  ( t )  · d t = − l n R  (   L B   )  = − l n  (  1 − F  )  ≅ F  (   L B   )   



(4)







If T1 is assumed to be the time of the first failure in the second section of the bathtub, reliability, R(t), will be stated as follows:


  R  ( t )  = P  (   T 1  > t  )  = P  (  n o   f a i l u r e   i n    (  0 , t  ]   )  =      ( m )   0   e  − m     0 !   =  e  − m   =  e  − λ t    



(5)




where m is the Poisson parameter, which can be defined as λt (mean).



If the failure rate of a product follows the attributes of the bathtub curve, it will probably not be successful in the market. Because of design imperfections, large early failures could harm the brand name from the product launch. That is, high failure rates in the early life of a product incur the manufacturer to pay warranty expenses. The market share could be expected to eventually be negatively impacted by the high failure rates. The manufacturer would need to improve the product by (1) eliminating unanticipated early failures, (2) reducing random nonsuccess for its operation period, and (3) increasing its system life compared with that of other companies.



As the design is improved, the product life from the market enhances, and its failure rate decreases. For such circumstances, the traditional bathtub curve should be transformed into an uncomplicated curve with a small failure rate and a lengthier lifetime. In the end, if the product is well designed, the accumulated failure rate of the product, F(t), is reduced until the desirable lifetime is achieved. The product’s reliability curve would then resemble the line labeled the “Hockey stick line” in Figure 3.



The reliability of a mechanical system in Equation (5) can be straightforwardly defined as the product of failure rate,    λ  , and lifetime,    L B   . That is:


  R  (   L B   )  = 1 − F  (   L B   )  =  e  − λ  L B    ≅ 1 − λ  L B   



(6)







This relationship is satisfactory below approximately 20% of the accumulative failure rate [33].



As an example, consider a water dispenser in a domestic refrigerator. It involves a simple mechanical procedure. First, a consumer pushes the lever, and then water is dispensed by the lever mechanism. Because the dispenser was failing in the field, the reliability as a product of failure rate and lifetime could be estimated from statistics for the dispensers returning from the field. These failures were also important in helping identify the normal utilization patterns of purchasers of the product and recognizing potential structural imperfections in the dispenser. Identifying these usage patterns and structural imperfections allows the design engineer to optimally redesign the dispenser (Figure 4).



Based on the field data—the current life and failure rate—from the field, the basic cause(s) of the problematic dispenser lever returned from the field has been clearly identified. That is, to achieve the desired reliability from the target life, LB, and failure rate, λ, the potential structural imperfections of the product part could be identified and modified by employing a parametric ALT.



There are typically subsystems A–E in a domestic refrigerator (see Figure 1). To fulfill the objective of a system life by parametric ALT because there was no field reliability data (defined as the multiplication of failure rate and lifetime in Equation (6)), three subsystems (or modules) can be required: (1) an altered subsystem, (2) a new subsystem, and (3) a similar subsystem. The water dispenser in a domestic refrigerator used as a test case here was a subsystem that had structural imperfections that needed to be modified. Customers had been requesting the replacement of dispensers that had been failing before the expected lifetime of the domestic refrigerator. Subsystem B (Table 1) from the field statistics had a failure rate of 0.24% per year and a B1 life of 4.2 years. To respond to customer concerns, a new life objective for the dispenser was set to be a B1 life of 10 years with an accumulative failure rate of 1% over the lifetime of the system.




2.3. Derivation of the (Generalized) Life-Stress Prototype


If a consumer wants chilled water, a water dispenser system can be added as a new design feature in a refrigerator. The water dispenser needs to have enough strength for repetitive force to push it by using a lever mechanism. The following processes are included in a water dispenser. (1) The customer pushes the cup to the lever and (2) water distributes into it. The main parts of a water dispenser are made up of the dispenser cover, dispenser lever, spring, etc. Consequently, the product will be subjected to repetitive stresses due to the loading/unloading of cups that are used by the consumer to push on the dispenser lever. If there are (structural) flaws in the original design, such as inadequate strength to endure repetitive loading, the dispenser can fail suddenly before fulfilling its expected life (Figure 5).



In correcting the design imperfections in the structure, an engineer needs to derive the (generalized) life-stress model, based on the relationship between load and life. The engineer needs to decide how rapidly the expected failure mode might be recognized. That is why accelerated tests need to be performed. Fatigue starts to emerge due to the pre-existence of imperfections, such as tiny cracks or defects in the structure. If there is stress concentration in a part such as a notch, groove, thin area, etc., a crack will develop from a microscale void, propagate, and create failure in the system. Therefore, a quantum/transport-based life-stress prototype may be required. It is assumed that fatigue may initiate from matter imperfections—electron/void—which arise in a macro, microscopic, or nano range. Consider an (electric) particle that is controlled to proceed only in the x direction from x = 0 to x = a. The potential energy,     V   ( x )   , will be defined as follows:


  V  ( x )  =  {      0    (  0 ≤ x ≤ a  )        ∞    (  x  <  0   o r   x  >  a  )         



(7)







The time-independent Schrodinger wave equation in operator form can be expressed as follows:


   H ^  ψ = E ψ  



(8)




where   H ^   is the Hamiltonian operator in the x direction,  ψ  is the wave function, and E is the (electron) energy.



If    H ^  = −    h 2    8  π 2  m      d 2    d  x 2    + V  , this can be put in Equation (8). That is:


      d 2  ψ   d  x 2    +   8  π 2  m    h 2     (  E − 0  )  ψ = 0     or      d 2  ψ   d  x 2    +   8  π 2  m    h 2     (  E − V  )  ψ = 0   



(9)




where m is the electron mass, h is the Planck constant, and V is the potential energy.



Because V = ∞ outside the walls, this is possible only when   ψ = 0  . That is, particles are not outside the walls. Because   V = 0   inside the walls, Equation (9) can be stated as follows:


     d 2  ψ   d  x 2    +   8  π 2  m    h 2     (  E − 0  )  ψ = 0  



(10)






  or      d 2  ψ   d  x 2    +  K 2  ψ = 0  



(11)




where    K 2  =   8  π 2  m E    h 2     .



The solution of Equation (11) can be assumed as follows:


  ψ  ( x )  = A sin K x + B cos K x  



(12)




where A, B = constants.



Because x = 0 or x = a at walls, ψ(0) =   ψ  ( a )  = 0  , B = 0, K =     n π  a   , and   E =    n 2   h 2    8 m  a 2     , n = 1,2,3,4.



Therefore, Equation (12) can be stated as follows:


  ψ  ( x )  = A sin  (    n π  a   )  x  



(13)







The probability of finding the particle in a small space between x and x + dx is given as follows:


    ∫ 0 a   ψ 2   ( x )  d x = 1     or  ∫ 0 a     (  A sin  (    n π  a   )  x  )   2  d x = 1   



(14)







Therefore, the solution to Equation (12) can be obtained as follows:


  ψ  ( x )  =    2 a    sin  (    n π  a   )  x  



(15)




where   ψ  (  x + a  )  = ψ  ( x )   , a is the (periodic) distance, and n is the principal quantum number.



The transport procedure, namely, the diffusion process of shallow-level dopants of silicon in a semiconductor, may be stated as follows (Table 2) [34,35]:


  J = L D  



(16)




where J is the flux, D is the propelling force, and L is the transport quantity.



For instance, as an electromagnetic field, ξ, is employed, and the impurities in metals produced by electronic movement comfortably drift to the right as the height of the junction power is reduced. The procedures for assessing the solid-state diffusion of impurities in a semiconductor, such as silicon, may be abridged by (1) electromigration-induced voiding; (2) the build-up of chloride ions; and (3) the trapping of electrons or holes. Solid-state diffusion of impurities in a semiconductor, J, might be expressed as [36]:


  J =  [  a C  (  x − a  )   ]  · exp  [  −  q  k T    (  W −  1 2  a ξ  )   ]  · v  



(17)






      = −  [   a 2  v  e  − q w / k T    ]  · cosh   q a ξ   2 k T     ∂ C   ∂ x   +  [  2 a v  e  − q w / k T    ]  C sin h   q a ξ   2 k T         = Φ  (  x , t , T  )  sin h  (  a ξ  )  exp  (  −  Q  k T    )  = B sin h  (  a ξ  )  exp  (  −  Q  k T    )       








where A is a constant, C is the concentration amount, q is the quantity of stored electrical energy, ν is the leap frequency, Φ () is a constant quantity, a is the atom distance, ξ is the exerted field, k is Boltzmann’s constant, Q is the energy quantity, and T is the absolute temperature.



Conversely, the chemical reaction that rests on speed can be defined as follows:


  K =  K +  −  K −  = a   k T  h   e  −   Δ E − a S   k T     − a   k T  h   e  −   Δ E + a S   k T     = B sin h  (  a S  )  exp  (  −   Δ E   k T    )   



(18)




where K is the reaction rate, S is the (chemical) field effect, T is the temperature, k is Boltzmann’s parameter, E is the (activation) energy, and Δ is the difference.



Equations (17) and (18) might be abridged as:


  K = B sin h  (  a S  )  exp  (  −  Q  k T    )   



(19)







If Equation (19) puts an inverted expression, the life-stress (LS) prototype could be expressed as:


  T F = A    [  sin h ( a S )  ]    − 1   exp  (     E a    k T    )   



(20)







As a life-stress (LS) model, Equation (20) is proposed as a generalized formulation because the sine hyperbolic formula      [  sin h  (  a S  )   ]    − 1    , indicating stress will be changed into a power or exponential expression. This equation can thus describe most LS models for a variety of failures, such as fatigue in mechanical systems. It may be expressed as follows: (1)      ( S )    − 1     has a little linear, (2)      ( S )    − n     has what is contemplated, and (3)      (   e  a S    )    − 1     is large (Figure 6).



As ALT is often executed in the middle-stress range, Equation (20) can be restated as:


  T F = A    ( S )    − n   exp  (     E a    k T    )   



(21)




where   n = −    [    ∂ l n  (  T F  )    ∂ l n  ( S )     ]   T   ,   Q = −    [    ∂ l n  (  T F  )    ∂ l n  (   1 T   )     ]   S   



For a stated crack and component shape, Equation (21) also might be defined as:


  T F = B    (  Δ K  )    − n   exp  (   Q  k T    )   



(22)




where B is a constant quantity and   Δ K = Y S  (  o r   Δ σ  )    π a     is the stress intensity factor.



That is, as an intensity range, when ∆K is applied to matter, a crack will be produced by a particular quantity ∆a, which is dependent on the crack growth rate, ∆a/∆N, in a part of geometries (crack tip), such as sharp edges, holes, thin areas, grooves, etc. It thus propagates until it grows to a critical size. As repeated loads are applied until the objective life, LB, or mission cycles, the structural imperfections (or stress raisers) in a part may be found.



The stress of a system operated by machinery is not straightforward to compute in elevated testing. As the energy is represented as the multiplication of effort and flow, the stress starts from effort in a product [37]. Therefore, Equation (21) or (22) can be redefined as follows:


  T F = A    ( S )    − n   exp  (     E a    k T    )  = C    ( e )    − λ   exp  (     E a    k T    )   



(23)




where C is a constant quantity.



The acceleration factor (AF) shall be redefined as the ratio between the elevated stress quantities and normal operating circumstances. AF from Equation (23) could be altered to combine the effort notions:


  A F =    (     S 1     S 0     )   n   [     E a   k   (   1   T 0    −  1   T 1     )   ]  =    (     e 1     e 0     )   λ   [     E a   k   (   1   T 0    −  1   T 1     )   ]   



(24)








2.4. Deduction of Sample Size Expression for the Design of Mechanical Systems


To acquire the assigned mission cycles of (parametric) ALT from the aimed BX life on the test strategy, which is described in Section 2.1 and Section 2.2, the sample size expression merged with AF in Equation (24), which is described in Section 2.3, shall be decided.



First, each Bernoulli trial has one of two outputs: success or failure. The cumulative probability that follows a binomial distribution for failures can be expressed as follows:


  L  ( p )  =  ∑  r = 0  c   (     n     r     )   p r  ·    (  1 − p  )    n − r   ≤ α  



(25)




where n is the number of test samples and c is the assumed number of failures.



In case probability, p is tiny and n is not small; thus, Equation (25) that follows a Poisson distribution for failure shall be rewritten as follows:


  L  (  n · p  )  =  ∑  r = 0  c   1  r !      (  n · p  )   r  ·  e  −  (  n p  )    =  ∑  r = 0  c   1  r !    m r  ·  e  − m   ≤ α  



(26)




where   m = parameter = n · p  .



From Equation (26), when the p-value is α, parameter m follows the chi-square distribution,    χ α 2   (). That is:


  m = n · p ~    χ α 2   (  2 r + 2  )   2   



(27)







The Weibull distribution for product life is widely used because it is straightforwardly expressed as a function of the characteristic life and shape parameter. Thus, if the product operation follows the Weibull distribution function, the cumulative failure rate, F(t), in Equation (1) is expressed as:


  F  ( t )  = 1 −  e  −    (   t η   )   β     



(28)




where t is the elapsed time,  η  is the characteristic lifetime, and  β  is the shape parameter.



In the case of unreliability,   p = F  ( t )   , and reliability,   1 − p = R  ( t )   , Equation (28) can be inserted into Equation (25). That is:


  L  ( p )  =  ∑  r = 0  c   (     n     r     )     (  1 −  e  −    (   t η   )   β     )   r  ·    (   e  −    (   t η   )   β     )    n − r   ≤ α  



(29)







Because    e  −    (   t η   )   β    ≅ 1 −    (   t η   )   β   , Equation (29) can be approximated as follows:


  L  ( p )  ≅  ∑  r = 0  c   1  r !      (   t η   )    β r   ·    (  1 −    (   t η   )   β   )    n − r   ≤ α  



(30)







Because Equations (26) and (30) have a similar form, the characteristic life with a confidence level of 100 (1 − α) can be stated as follows:


  m = n · p = n ·    (   t η   )   β  ~    χ α 2   (  2 r + 2  )   2    o r    η α β  =  2   χ α 2   (  2 r + 2  )    · n ·  t β     



(31)







At BX life, LB, in Equation (28), the testing time, t, is h:


   L B β  ≅ x ·  η α β  = x ·  2   χ α 2   (  2 r + 2  )    · n ·  t β  = x ·  2   χ α 2   (  2 r + 2  )    · n ·  h β  ≥  L B  * β     for   x   ≤   0.2    



(32)




where x = 0.01F(t).



If Equation (32) is arranged again, the sample size formulation is expressed as:


  n ≥    χ α 2   (  2 r + 2  )   2  ×  1 x  ×    (     L B *   h   )   β     



(33)







Within a 60% confidence level, the first term      χ α 2   (  2 r + 2  )   2    in Equation (33) is close to (r + 1), and Equation (33) can be rewritten as:


  n ≥  (  r + 1  )  ×  1 x  ×    (     L B *   h   )   β   



(34)







If the acceleration factor in Equation (24) is inserted into the testing cycles, h, Equation (34) can be expressed as:


    n ≥  (  r + 1  )  ×  1 x  ×    (     L B *    A F ·  h a     )   β   



(35)




where the sample size formulation in Equation (35) may be expressed as n ~ (failure numbers + 1)·(1/accumulative failure rate)·((target lifetime/(testing plan time)) ^ β.



Equation (35) may also be confirmed as [1,38]. That is, for   n ≫ r  , the sample size formulation may be stated as:


  n = −    χ α 2   (  2 r + 2  )    2  m β  l n  R L    =    χ α 2   (  2 r + 2  )    2  m β  l n  R L  − 1     =    χ α 2   (  2 r + 2  )    2  m β  l n    (  1 −  F L   )    − 1     =    χ α 2   (  2 r + 2  )   2  ×  1  l n    (  1 −  F L   )    − 1     ×    (     L B   h   )   β   



(36)




where    m ≅ h /  L B   .



If the life target of a mechanical product (a water dispenser) is assumed to be a B1 life of 10 years, the assigned testing needs to be calculated for the tested samples under elevated conditions. In carrying out ALTs, the structural imperfections of a new mechanical system shall be pinpointed and modified to attain the desired product lifetime.




2.5. Case Study—Increasing the Life of a New Water Dispenser System in a BMF Refrigerator


Because consumers want to have the convenience of cold water being dispensed from a domestic refrigerator, a water dispenser system, including a lever, a cover, and a spring, was designed into the front of the refrigerator. The dispenser lever was also changed from stainless steel to polypropylene (PP) because of market requirements, such as material cost. When the consumer uses a cup to exert force on the dispenser lever, cold water is dispensed to the cup. They require high-strength fatigue at room temperature because of the repeated impact stresses (Figure 7).



First, the customer usage conditions should be investigated. In the dispensing operation, components, such as a lever made of stainless steel or polypropylene (PP), in a dispenser system experience various mechanical loads and are required to have enough strength not to fail due to fatigue until the anticipated lifetime. Domestic refrigerators in the United States are designed to distribute water from four to twenty times per day. As the dispenser is pressed, it is repeatedly subjected to (impact) loads on the lever. In the field, water dispensing systems in a domestic refrigerator failed under unspecified consumer operations after some period. As investigated, field data demonstrated that the products returned from the field might have had design defects, such as stress raisers (sharp corner angles and thin ribs) in the dispenser. As the consumer requested it to be replaced because the lever systems suddenly fractured and no longer worked, engineers needed to find the root causes by failure analysis or reliability testing and correct them (Figure 8).



By employing failure analysis (and laboratory tests) for returned field products, a crack was observed that started in the front corner of the lever and propagated to the end of the lever. To keep it functioning for its anticipated lifetime, an engineer was required to redesign the product with imperfections (sharp corner angles, thin ribs, etc.). To reproduce the problematic part(s) and alter them, an engineer needed to carry out parametric ALT for the newly designed product by targeting product lifetime, LB—a B1 life of 10 years in Equation (6) in Section 2.1 and Section 2.2. The systematic method was made up of (1) a load examination for the problematic returned product in the subsequent Equations (37)–(39), which is connected in Equation (23) in Section 2.3, (2) the action of making the practical and effective use of ALTs with design alternations, and (3) the evaluation of whether the lifetime objective of designs had been fulfilled by attaining from the actual mission cycle, ha, in Equation (35) in Section 2.4.



From the free-body illustration of the water dispenser (Figure 9), the balance of momentum and force can be stated as:


  ∑  M z  = a  F X  − b  F Y  = 0    



(37)






   F X  =  (  b / a  )   F Y   



(38)







As the lever stress depends on the impacted force, F, of the cup, Equation (23) might be stated as:


  T F = A    ( S )    − n   = A    (   F X   )    − λ   = B    (   F Y   )    − λ    



(39)




where A and B are constant quantities.



The acceleration factor (AF) from Equation (24) can be expressed as:


  A F =    (     S 1     S 0     )   n  =    (     F 1     F 0     )   λ   



(40)




where S1 (or F1) is structural stress (or impact force) under accelerated circumstances and S0 (or F0) is structural stress (or impact force) under normal circumstances.



Parametric ALT from Equation (35) can be performed until the assigned cycles that supply the aimed life—a B1 life of 10 years—are fulfilled.



The environmental circumstances of the water dispenser in a domestic refrigerator may change from approximately 0 to 43 °C, with humidity varying from 0% to 20%. Relying on consumer use conditions, an ice maker is utilized approximately four to twenty times per day, which assumes the maximum usage for ten years would incur 73,000 cycles.



To resolve the stress quantity for parametric ALT, based on the expected use range, the step-stress lifetime test might assess the life under a steady use circumstance for many accelerated loads of parametric ALT, such as 20 N, 30 N, and 35 N from Equations (39) or (40) [39]. As the dissimilar stress level was altered because the usual load was 10 N, the failure time of the dispenser lever at particular stress levels can be measured.



Based on market data and laboratory tests, the greatest impact load anticipated by the user in releasing water was approximately 15–20 N [40]. For parametric ALT, the exerted impact force was 35 N. For a coefficient λ of 2, the whole AF was approximately 4.0 utilizing Equation (40).



For a B1 life of 10 years, the assigned mission time for ten samples (calculated by utilizing Equation (35)) was approximately 65,000 cycles when the shape parameter was presumed to be 2.0. The parametric ALT was planned to secure a life target—a B1 life of 10 years—if it might be successful less than once for 65,000 cycles. Figure 10 shows the test framework of parametric ALT for reproducing the unsuccessful dispenser system in the marketplace and the duty time for the impact force F.



The assessed life LB in each ALT is stated as:


   L B β  ≅ x ·   n ·    (   h a  · A F  )   β    r + 1    



(41)




where ha is the actual testing cycles (or cycles).



If x = λ · LB, the assessed failure rate, λ, may be stated as:


  λ ≅  1   L B    ·  (  r + 1  )  ·    L B β    n ·    (   h a  · A F  )   β     



(42)







In every ALT stage, the measured cycles,     h a   , the lifetime target, x, sample size, n, accelerated factor, AF, shape parameter,  β , and failure number, r, are used to estimate the assessed life, LB, in Equation (41).





3. Results and Discussion


From Equation (39), the lifetime (or cycles) of the water dispenser depends on the applied impact force, F. To quickly discover the failure of the dispenser, the impact force was increased from Equation (40). As placing a scale of stress quantity due to exerted load through the step-stress lifetime testing, we examined the failure cycles at three stress levels: 20 N, 30 N, and 35 N (impact force for parametric ALT), which can be attained from the control of the pressure of an air cylinder. For 20 N, the dispenser stopped at approximately 35,000 cycles. For 30 N, the dispenser stopped at approximately 28,000 cycles. For 35 N, the dispenser stopped at approximately 25,000 cycles. Thus, the stress quantity for 35 N for ALT was resolved because it had a relatively fine data linearity on the Weibull plot, which contrasted with the other stress levels. The parametric ALT was carried out to determine the life and imperfections of the design of the current dispenser lever.



In the first ALT, the water dispensing system fractured at approximately 25,000 cycles. To better understand the relationship between the product life and the applied elevated impact load (35 N), an SEM, model JSM-840 manufactured by JEOL Co. (Tokyo, Japan), was used. The morphology of the fractured surface impacted with a cup force of 35.0 N (accelerated impact load) at room temperature was observed. Figure 11 shows a photo contrasting the system returned from the field and that from the first ALT independently. Polypropylene (PP) is a type of plastic composed of polymer resins. Because it has a poor impact property, impact modifiers, such as ethylene-propylene-diene terpolymers (EPDMs) or polyolefin elastomers (POEs), have been added. In this case, the dispenser material was utilized as PP-based blends containing 15% POE. Some of the PP matrices had a lamellar morphology explained by a tight interface adhesion of PP and POEs, which was caused by the deformation of PP by impact force. Thus, voids formed due to repeated load, and the falling out POE particles with spherical shapes were found. The scattered POE as (repeated) stress concentrations seemed to develop shear bands and fractures.



Because they were alike in form, through parametric ALT, the fracturing of the dispenser system found in the marketplace was reproduced. One of the design imperfections in this dispenser was that there was no corner rounding. This allowed for plastic deformation due to (generated/transported) voids, as explained in Equations (15)–(17), and (22). As the dispenser lever was repeatedly struck, it started to crack/propagate and it finally fractured for the mission cycle of the parametric ALT that is obtained from Equation (35). Figure 12 shows the graphic examination of the ALT consequences and market data on a Weibull plot. The shape parameter in the first ALT that depended on load conditions was approximated to be 2.0 because the field and ALT, β, were not attainable at the period of the initial test design. For the last design, the shape parameter was confirmed to be 3.5 on the Weibull plot. As they were alike in form, through parametric ALT, the fractured dispenser system in the marketplace was reproduced. Because the dispenser lever (polypropylene) was repeatedly struck by a cup-shaped apparatus, it began to crack and finally failed. This method was effective in identifying the fragilities in the structure of the products returned from the marketplace because (1) the similar place and form of the troublesome dispenser lever from the market and the first ALT were close, and (2) the shape parameters of the ALT outcomes, β1 and market data, β2, were close on the Weibull chart.



As shown in Figure 11a,b and Figure 13, failure of the dispenser system in the field and ALTs occurred in its front corner and hinge, which have a high-stress raiser. That is, the dispenser structure has no rounding at the corner and not enough thickness to withstand the repetitive impact loading that is caused by end usage. Fatigue fracture can be determined by two components: (1) the structural stress and (2) the pattern of shape (or materials) employed.



To endure repeated impact loads, the problematic water dispenser system utilized in the market was altered by (1) thickening the hinge rib rounding (Fillet1), C1, from 0.0 mm to 1.5 mm; (2) enlarging the front corner rounding (Fillet2), C2, from 0.0 mm to 1.5 mm; (3) thickening the hinge rib (Rib1), C3, from 1.0 mm to 1.8 mm; and (4) thickening the front side rounding (Fillet3), C4, from 0.0 mm to 8.0 mm (Table 3).



Stress analysis, which may be integrated with fatigue analysis and parametric ALT, was performed by utilizing finite element analysis (FEA). As the dispenser system was attached to the upper wall, there were uncomplicated impact loads, as shown in Figure 8. Using materials and processing conditions similar to those of the dispenser, the constitutive properties of the polypropylene (dispenser lever) were determined. For the two designs, the greatest stresses were assessed. According to this investigation, the stress of the altered designs in the dispenser structure was evaluated. By modifying the current structures to improve the fatigue design, the approximated stress concentrations at the front corner and the shaft hinge of the dispenser lever lessened from 8.37 MPa and 5.66 MPa (Figure 14) [41,42].



In the second ALT (approximately 32,000 cycles), the fracture and cracking of the dispensing lever occurred at the front corner of the lever where there was not sufficient corner rounding (see Table 4). To identify the root cause of the unsuccessful dispenser system, the failed product was checked. There were structural design defects, namely hinge rib rounding and front side rounding. As a modification, we altered it by (1) enlarging the hinge rib rounding (Fillet 1), C1, from 1.5 mm to 2.0 mm and (2) enlarging the front side rounding (Fillet 3), C4, from 8.0 mm to 11.0 mm.



While the water dispenser assembly design was improved in the second ALT, it only achieved 32,000 mission cycles. Thus, the desired life was still not achieved. The dispenser system had insufficient fatigue strength for the repeated impact stress. Therefore, a third ALT was performed. It was confirmed that the estimated value of β in the Weibull diagram was 3.5.



In the third ALT, there were no structural flaws in the dispenser system until the ALT was performed for 68,000 cycles. At 68,000 cycles, the fracture and cracking of the dispensing lever occurred at the front of the lever, which still had insufficient strength (see Table 4). The front lever (Rib2), C5, was thickened from 3.0 mm to 4.0 mm. Over the route of ALTs with structural modifications, the water dispenser was established to have a B1 life of 10 years with a cumulative failure rate of 1%, based on Equations (41) and (42), when the actual cycles,     h a  = 68 , 000   c y c l e s  , by plugging in the lifetime target, x = 0.01, the sample size, n = 8, the accelerated factor, AF = 4.0, the shape parameter,   β = 3.5  , the and failure number, r = 0.0. Table 4 represents an abridged result of the ALTs.




4. Summary and Conclusions


A systematic reliability method for the implementation of newly designed mechanical products was proposed. It involved (1) an ALT strategy generated on the BX life, (2) a load investigation, (3) ALTs with structural alternations, and (4) a judgment of whether the final design(s) achieved the desired BX life. Therefore, a quantum-transported stress prototype and sample size expression were suggested for explaining the (generated/transported) voids and crack propagation. As a test-case examination, a new water dispenser system subjected to repetitive impacts was studied.




	
In the field and ALTs, a dispenser lever made of stainless steel or polypropylene (pp) was fracturing at the hinge and front corner because of design defects combined with repeated impacts. In the first ALT, the dispenser system (n = 8) was stopped at approximately 25,000 cycles with an impact force of 35 N. After examining two problematic samples, the dispenser structure had no rounding at the corner and insufficient thickness. They were altered by (1) enlarging the hinge rib rounding (Fillet1), C1, from 0.0 mm to 1.5 mm; (2) thickening the front corner rounding (Fillet2), C2, from 0.0 mm to 1.5 mm; (3) thickening the hinge rib (Rib1), C3, from 1.0 mm to 1.8 mm; and (4) enlarging the rounding of the front side (Fillet3), C4, from 0.0 mm to 8.0 mm.



	
In the second ALT, at approximately 32,000 cycles the fracture and cracking of the dispensing lever occurred at the front corner of the lever. As a modification, we altered it by (1) enlarging the hinge rib rounding (Fillet 1), C1, from 1.5 mm to 2.0 mm and (2) enlarging the front side rounding (Fillet 3), C4, from 8.0 mm to 11.0 mm.



	
During the third ALT, no issues were discovered. Thus, the water dispensing system with modified designs was insured to have the life requirement—a B1 life of 10 years.



	
By understanding the design issues of products returned from the field, parametric ALTs with design alternations might be performed. After reproducing the field failure, they could be altered. Eventually, we assessed whether the product met the life goals. In the meantime, the quantum-based time to failure prototype and sample size equation were used.








This methodology has been applied to other mechanical products and, as mentioned here, was effective in enhancing the lifetime of the dispenser system. Designers need to understand why parts in multimodule products are unsuccessful during their life. That is, if there are design defects in the newly designed module structures where the system is subjected to repetitive (impact) loads during its functioning, the product may fail in its anticipated lifetime. Engineers should recognize the (dynamic) loading of a mechanical product so that the elevated testing expressed as the proportion of greatest stress in contrast to minimum stress may be performed until the required mission cycles (reliable quantitative specification) are obtained from the sample size equation. In the meantime, ALT may be used to identify the design issues of systems and modify them.
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Abbreviations




	
AF

	
Acceleration factor




	
BX

	
Cycles that are an accumulated failure rate of X%: durability index




	
D

	
(Thermodynamic or propelling) force




	
Ea

	
Activation energy of a chemical reaction, eV




	
e

	
Effort in a multiport system




	
f

	
Flow in a multiport system




	
F(t)

	
Unreliability




	
h

	
Testing time (or cycles)




	
h*

	
Nondimensional testing cycles,    h *  = h /  L B  ≥ 1  




	
ha

	
Actual test time (or cycles)




	
k

	
Boltzmann’s constant quantity, 8.62 × 10−5 eV/deg




	
K

	
Reaction speed




	
L

	
Phenomenological transport quantity




	
LB

	
Target BX life and x = 0.01 X, on the circumstances that x ≤ 0.2




	
n

	
Number of test samples




	
r

	
Unsuccessful numbers




	
S

	
Stress




	
T

	
Temperature, K




	
ti

	
Testing cycle for individual sample




	
TF

	
Time to failure




	
X

	
Cumulated failure rate, %




	
x

	
x = 0.01 X, on condition that x ≤ 0.2.




	
Greek symbols




	
ξ

	
Electrical field applied




	
η

	
Characteristic life




	
λ

	
Cumulative damage quantity in Palmgren–Miner’s rule




	
χ2

	
Chi-square distribution




	
α

	
Confidence level




	
Superscripts




	
β

	
Shape parameter in Weibull distribution




	
n

	
Stress dependence,   n = −    [    ∂ l n (  T f  )   ∂ l n ( S )    ]   T   




	
Subscripts




	
0

	
Normal stress circumstances




	
1

	
Elevated stress circumstances
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Figure 1. Breakdown of the refrigerator with multi-modules. 
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Figure 2. A multimodule system life is resolved by the newly conceived module. 
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Figure 3. Reliability measure; BX life (LB) on the bathtub. 
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Figure 4. Parameter representation of the water dispenser (instance). 
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Figure 5. Fatigue generated by repetitive impact loading and structural imperfections. 
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Figure 6. Definition of the hyperbolic sine stress expression on the Paris law and S-N curve. 
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Figure 7. New water dispenser assembly in a refrigerator. (a) A domestic refrigerator and (b) mechanical components of the water dispenser. (1) Dispenser lever cost-downed from stainless steel, (2) spring, and (3) cover. 
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Figure 8. Damaged dispenser lever after usage. (a) Water dispenser and (b) failed dispenser lever in the field. 
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Figure 9. Practical designs of the dispenser system. 
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Figure 10. ALT apparatus with duty cycles. (a) Equipment and (b) duty cycles of repetitive impact load F. 
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Figure 11. Failed water dispensers from the market and in the first ALT. (a) Failed product from the market, (b) fractured dispenser within the first ALT, and (c) SEM micrographs of fractured surfaces. 
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Figure 12. Outcomes of fail reproduction and market failure on the Weibull plot. 
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Figure 13. Structure of problematic lever in the field and ALTs. 
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Figure 14. Result of stress analysis by utilizing finite element analysis (FEA). 
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Table 1. Unabridged ALT strategy of mechanical modules in a domestic refrigerator.
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Modules

	
Field Data

	
Anticipated Reliability

	
Aimed Reliability




	
Failure Rate per Year, %/Year

	
BX Life, Year

	
Failure Rate per Year, %/Year

	
BX Life,

LB (Year)

	
Failure Rate per Year, %/Year

	
BX Life, Year






	
A

	
0.30

	
3.3

	
Similar

	
×1

	
0.30

	
3.33

	
0.10

	
10(BX = 1.0)




	
B

	
0.24

	
4.2

	
New

	
×5

	
1.20

	
0.83

	
0.10

	
10(BX = 1.0)




	
C

	
0.35

	
2.9

	
Similar

	
×1

	
0.35

	
2.9

	
0.10

	
10(BX = 1.0)




	
D

	
0.31

	
3.2

	
Altered

	
×2

	
0.62

	
1.61

	
0.10

	
10(BX = 1.0)




	
E

	
0.15

	
6.7

	
Altered

	
×2

	
0.30

	
3.33

	
0.10

	
10(BX = 1.0)




	
Others

	
0.50

	
10.0

	
Similar

	
×1

	
0.50

	
10.0

	
0.50

	
10(BX = 5.0)




	
Product

	
1.9

	
2.9

	
-

	
-

	
3.27

	
0.83

	
1.00

	
10(BX = 10)
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Table 2. Power stated as effort and flow in an energy transport system.






Table 2. Power stated as effort and flow in an energy transport system.





	
Ohm’s Law of electrical conduction:    j = − σ ∇ V  




	
J = electric current density, j (units: A/cm2)

	
D = electric field, −∇ V

(units: V/cm, V = electrical potential)

	
L = conductivity, σ = 1/ρ

(units: ρ = resistivity (Ω cm))




	
Fourier’s Law of heat transport: q = −κ∇T




	
J = heat flux, q (units: W/cm2)

	
D = thermal force, −∇ T

(units: °K/cm, T = temperature)

	
L = thermal conductivity, κ

(units: W/°K cm)




	
Fick’s Law of diffusion: F = −D∇ C




	
J = material flux, F (units:/sec cm2)

	
D = diffusion force, −∇ C

(units:/cm4, C = concentration)

	
L = diffusivity, D

(units: cm2/sec)




	
Newton’s Law of viscous fluid flow: Fu = −μ∇ u




	
J = fluid velocity flux, Fu (units:/sec2 cm)

	
D = viscous force, −∇ u

(units:/sec, u = fluid velocity)

	
L = viscosity, μ

(units:/sec cm)
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Table 3. Summary for the redesigned dispenser lever.
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C1: Fillet1 R0 → R1.5 (first ALT)

→ R2.0 (second ALT)

C3: Rib1 T1 → T1.8 (first ALT)

C5: Rib2 T3 → T4 (third ALT)

	
C2: Fillet2 R0 → R1.5 (first ALT)

C4: Fillet3 R0 → R8.0 (first ALT)

→ R11.0 (second ALT)
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Table 4. The abridged consequence of parametric ALTs.






Table 4. The abridged consequence of parametric ALTs.





	
Parametric ALT

	
First ALT

	
Second ALT

	
Third ALT




	
Draft Design

	
-

	
Final Design






	
In 38,000 cycles, the water dispenser has no problems

	
25,000 cycles: 2/8 Fracture

	
32,000 cycles:

1/8 Fracture

	
38,000 cycles: 8/8 OK

56,000 cycles: 8/8 OK

68,000 cycles: 1/8 Fracture




	
Structure

	
 [image: Applsci 13 01358 i002] [image: Applsci 13 01358 i003]

	
 [image: Applsci 13 01358 i004]




	
Action plans

	
C1: Fillet 1 R0 → R1.5

C2: Fillet2 R0 → R1.5

C3: Rib1 T1 → T1.8

C4: Fillet3 R0 → R8.0

	
C1: Fillet 1 R1.5 → R2.0

C4: Fillet 3 R8.0 → R11.0

	
C5: Rib2 T3 → T4
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