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A. Derivation of Eqs. (30)
(1) In the first treatment step (0 ≤ t ≤ t1), the TW-specimen is HT-treated at temperature T1. Matrix components with hidden temperatures in the range T0 ≤ θ ≤ T1 begin to denature, inducing the following HTR-strain 1εL(t) (see Eq. (27)). 


The maximum amount of HTR-strain corresponding to the hidden temperature range T0 ≤ θ ≤ T1 is given by

provided that initial conditions αL(T0) = 0 and βL(T0) = 0 were considered. At t = t1, the following locked-in strain remains unreleased.


This would be further released in the following treatment steps.

(2) In the second treatment step (t1 ≤ t ≤ t2), TW-specimen is HT-treated at temperature T2. Matrix components with hidden temperatures in the range T1 ≤ θ ≤ T2 begin to denature, which induces further HTR strain ε1(t).


On the other hand, the locked-in strain (A3) that remained unreleased at the end of the first step (t = t1) is released at the second step, resulting in an additional HTR strain ε2(t).


Then, in the second step (t1 ≤ t ≤ t2), HTR-strain of the TW-specimen 2εL(t) can be described as 
   





Incidentally, the maximum amount of locked-in strain corresponding to the hidden temperature range T1 ≤ θ ≤ T2 is given by

Then, in this hidden temperature range, the following amount of locked-in strain remains unreleased at t = t2., which is


By the way, the following amount of locked-in strain corresponding to the hidden temperature range T0 ≤ θ ≤ T1 also remains unreleased at t = t2, which is



The remaining locked-in strains (A8) and (A9) could be released in the following third treatment step.

(3) In the third treatment step (t2 ≤ t ≤ t3), TW-specimen is HT-treated at temperature T3. Matrix components with hidden temperatures in the range T2 ≤ θ ≤ T3 begin to denature, which induces further HTR strain ε1(t).


On the other hand, the locked-in strain (A8) that remained unreleased at the end of the second step (t = t2) is released at the third step, resulting in an additional HTR strain ε2(t).


Similarly, the locked-in strain (A9) that remained unreleased at the end of the second step (t = t2) is released at the third step, resulting in an additional HTR strain ε3(t).





Then, in the third step (t2 ≤ t ≤ t3), HTR-strain of the TW-specimen 3εL(t) can be described as 
 






APPENDIX B.  
An estimation of apparent activation energy inducing the HT-denaturation in TW-specimen based on the time–temperature-superposition (TTS) analysis (Matsuo et al. 2016; Matsuo-Ueda et al. 2023)

Fig.A1(a) plots the longitudinal HTR-strains in konara TW-specimens at the first treatment step against the logarithm of the treatment time (t). Fig. A1(b) shows all plots shifted horizontally by a value called the shift factor (aT), determined for each treatment temperature T, which allows all plots to be treated on a single master curve. However, no shift was assumed to occur in Schedule 2 of the reference temperature Tref. In the present study, Tref was set to 80°C and its shift factor is 1. Arranged treatment time (t'), a independent variable in the horizontal axis in Fig.A1(b), is defined as the actual treatment time (tT) divided by the shift factor (aT) for each treatment temperature T. According to the time-temperature-superposion analysis (TTS-analysis), it is hypothesized that tT/aT and tref  are the treatment times required to produce the same HTR-strains at T and Tref (=80℃), respectively. 
[image: ]
Fig.A1 (a) HTR-strain and treatment time (log scale) for konara TW-specimens at the first treatment step. (b) By determining the shift factor (aT) for each treatment temperature T, all data are shifted horizontally to supepose on a single master curve. The treatment schedule 2 (temperature of 80℃) was adopted as the reference.

According to TTS-analysis, the apparent activation energy ETTS can be determined based on the modiﬁed Arrhenius equation (Matsuo et al. 2016; Matsuo-Ueda et al. 2023): 

where R (=8.314 J·K-1·mol-1) is the gas constant, and T and Tref are expressed as absolute temperatures. The relationship between 1/T and ln aT showed highly linear (Fig.A2),  suggesting that the apparently single reaction dominated the present HTR-behavior at temperatures from 60 °C to 120 °C, and the ETTS calculated from the slope of regression line in Fig.A2 was 189.3 kJ·mol-1.  
[image: ]
Fig.A2. The relationship between 1/T and ln aT derived from the time–temperature superposition of HTR-strain (Fig. A1). 
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