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Abstract: Three aerospace grade resins were formulated to investigate the effects of variation in 

DDS isomers, amine-to-epoxy (a/e) stoichiometric ratio, out-time, and moisture absorption on 

processing characteristics and cured resin properties. Such resins are typically used in prepreg or 

preimpregnated composite fibers, which require engineered processing methods to fully impregnate 

the fiber bed during cure. Precure phenomena, specifically out-time and moisture absorption, are 

generally unavoidable in practice, and these phenomena were investigated to determine the 

relationship between DDS isomers, a/e stoichiometric ratio, out-time, and moisture absorption on 

processing characteristics and cured resin properties. Furthermore, predictive models were 

developed to provide insights into defect formation mechanisms and mitigation strategies for prepreg 

processing. 
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INTRODUCTION 

Epoxy resins are widely used as matrix materials for prepreg or preimpregnated composite fibers 

which in turn are used in high-performance composites applications, including primary aerospace 

structures. Upon curing, epoxy resins maintain the part shape, protect the fibers from environmental 

degradation, and transfer loads to the fibers [1–3]. Aerospace grade epoxy resins are typically 
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composed of multifunctional epoxies, aromatic cure agents, and tougheners, such as thermoplastics 

or liquid rubbers. The resins are formulated to meet the desired processing characteristics (i.e., cure 

kinetics and viscosity [η] evolution) and to yield the properties required of the cured resin, primarily 

glass transition temperature (Tg) and mechanical property values. Among the variables involved in 

resin formulation, cure agent type and amine-to-epoxy (a/e) stoichiometric ratio have been shown to 

affect processing characteristics and cured resin properties the most [4–6]. 

Epoxy resin cured with diaminodiphenyl sulfone (DDS), an aromatic cure agent, is widely used 

for aerospace grade matrices [6–9]. The two isomers of DDS are 3,3’-DDS (33DDS), which features 

a meta-substitution, and 4,4’-DDS (44DDS), which has a para-substitution. Studies have shown that 

these isomers result in different resin processing and cured properties due to different energy 

dissipation mechanisms [6, 7]. The 33DDS-based resins generally exhibit greater flexibility than 

44DDS-based resins because of higher configurational entropy. This flexibility allows the polymer 

chains to rearrange at lower temperatures, eliminating free volume to form more tightly packed 

amorphous networks (or less free volume), thereby resulting in lower Tg values than 44DDS-based 

resins. In addition, the a/e stoichiometric ratio has been shown to have complex effects on cured 

resin properties, where optimal thermal and mechanical properties are obtained at different a/e 

stoichiometric ratios due to phase separation within the resin [5]. Lower a/e stoichiometric ratios 

generally require longer dwells at higher temperature to complete etherification caused by excess 

epoxy groups. 

The production of high quality, defect-free composite parts requires defect mitigation strategies. 

Especially, it is important to tailor cure cycles that yield the required resin flow into fiber beds prior 

to gelation, the point at which resin flow stops. During precure operations, the resin state can be 

affected by environmental factors such as out-time and ambient humidity [10–15]. Extended out-
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time can advance the degree of cure (α) and viscosity (η) of the resin, potentially preventing full 

infiltration of the fiber bed prior to cure. Exposure to ambient humidity during out-time leads to 

absorption of moisture. The absorbed moisture can then evolve during cure, causing the growth of 

voids. In addition, moisture absorption has also been shown to affect α and η of the resin by acting 

as both catalyst and solvent for the amine-epoxy cure reaction [10–13]. 

There have been few studies relating the effects of variation in DDS isomers and a/e 

stoichiometric ratio on resulting cured properties [6–9]. However, there have been no studies 

reporting the effects of variation in DDS isomers, a/e stoichiometric ratio, out-time, and moisture 

absorption on processing characteristics. In addition, cure kinetics and g modelling accounting for 

these variables could offer insights into effects that could be useful to develop defect mitigation 

strategies (e.g., flow-enhanced cure cycle) for manufacturing composite parts. 

Therefore, in this work, three resin systems were created, varying DDS isomers and a/e 

stoichiometric ratio, and these were subjected to several levels of out-time and humidity 

conditioning. The key objectives of the study were to develop: 

 

1. A methodology for quantifying the a prior to cure of each resin systems subjected to humidity 

conditioning as well as out-time. 

2. Models for cure kinetics and g that capture the effects of variation in DDS isomers, a/e 

stoichiometric ratio, out-time, and moisture absorption.  

 

In addition, process critical parameters were analyzed, including gelation time (tgel) and 

minimum viscosity (ηmin), which influence resin flow time and a cured resin property, Tg. 
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We show that accurate process models that comprehensively capture out-time and humidity 

effects on cure kinetics and η in process conditions for all three resin systems can be developed. 

Variation in DDS isomers and a/e stoichiometric show tradeoff between cure rate, resin flow 

time, and Tg. Furthermore, we demonstrate that accurate process models allow control of resin flow, 

thereby potentially mitigating flow-induced defects during prepreg processing. 

 

EXPERIMENTAL  

Materials 

The epoxy resin mixture components used are shown in Fig. 1. Each of the epoxy resin 

mixture compositions evaluated here contained two epoxy resins and a thermoplastic polymer. The 

epoxy resins comprised a tetrafunctional epoxy, tetraglycidyl-4,4’-methylenebisbenzenamine 

(TGMDA; MY721, epoxy equivalent weight (EEW) ~112; Huntsman Advanced Materials) and a 

trifunctional epoxy, triglycidal p-aminophenol (TGAP; MY0510, EEW ~101; Huntsman 

Advanced Materials). A widely used impact modifier, a thermoplastic toughening agent, 

comprised a functionalized polyether sulfone (PES; SUMIKAEXCEL PES 5003P; Sumitomo 

Chemical Company). The curing agents used in the resin mixtures were the aromatic amines: 4,4’-

diaminodiphenyl sulfone (44DDS; Aradur 9664-1, amine hydrogen equivalent weight [AHEW] ~ 

62; Huntsman Advanced Materials) or 3,3’-diaminodiphenyl sulfone (33DDS; Aradur 9719-1, 

AHEW ~62; Huntsman Advanced Materials). Weight percent (wt%) ratio between  

TGMDA:TGAP was fixed at 50:50, and PES comprised 15 wt% of the overall resin mixture 

components. Cure agent type and amine-to-epoxy (a/e) stoichiometric ratio were varied to 

formulate following three formulations: (1) 33DDS with a/e = 0.8; (2) 33DDS with a/e = 0.6; and 
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(3) 44DDS with a/e = 0.8. These formulations were chosen to yield the properties of a typical 

aerospace grade epoxy resin [9]. 

 

 

FIG. 1. Resin mixture component structures—4,4’-diaminodiphenyl sulfone (44DDS), 3,3’-

diaminodiphenyl sulfone (33DDS), triglycidal p-aminophenol (TGAP), tetraglycidyl-4,4’-

methylenebisbenzenamine (TGMDA), and polyethersulphone (PES). 

 

Each resin mixture was prepared following the same procedure. TGAP and TGMDA (50:50) 

were added to an aluminium container, and the container was placed into a convection oven, where 

mixing began. The temperature was increased to ~110ᵒC, and PES was added and fully dissolved 

into the resin. Subsequently, the oven was cooled to 80ᵒC, and the specified stoichiometric level of 

33DDS or 44DDS was mixed into the resin. Mixing temperatures used herein were low enough to 
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have negligible effect on epoxy amine cure. Once a transparent solution was achieved, the solution 

was allowed to cool. The samples were then stored in a freezer below -12ᵒC before use. 

 

Sample Conditioning: Humidity and Out-Time Control 

The initial out-time of all resin mixtures was taken to be 0 days. All samples were aged in 

humidity chambers containing saturated salt solutions, affording accurate control of equilibrium 

vapor pressure. Chambers were maintained at 23±1ᵒC and at relative humidity (rh) levels of 30, 60, 

and 90% for 0–30 days. Subsequent testing was performed within 10 days. 

 

Modulated Dynamic Scanning Calorimetry 

Modulated dynamic scanning calorimetry (MDSC) measurements were conducted under a 

constant N2 flow of 50 mL/min (TA Instruments Q2000). For each measurement, ~10 mg of resin 

was sealed in aluminum hermetic pans (Tzero, TA Instruments). Nonisothermal cures were 

conducted by heating the DSC cell from -60ᵒC to 280ᵒC at a constant heating rate of 3.0ᵒC/min 

with a temperature modulation of ±0.5ᵒC/min. The total heat of reaction (ΔHT) of the resin was 

determined by integrating the heat flow evolution from these measurements. Isothermal dwells 

were performed at 121 and 150ᵒC for day 0 samples to build an accurate base for cure kinetics 

models. Isothermal dwells were also performed at 150ᵒC for rh levels of 30, 60, and 90% for days 

10, 20, and 30 to quantify the effects of moisture absorption and outtime or aging on cure. After all 

isothermal tests, the DSC cell was cooled to 20ᵒC, then heated to 280ᵒC at a constant heating rate 

of 3.0ᵒC/min to measure the residual heat of reaction (ΔHR). The thermal stability of the resin was 

determined by thermogravimetric analysis (TGA Q800, TA Instruments). Between 20ᵒC and 
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280ᵒC, the resin weight decreased by less than 0.5%, excluding the amount water absorbed by the 

resin, indicating that no resin degradation took place. 

 

Rheometry 

Viscosity (η) measurements were conducted using aluminium parallel plates in a rheometer 

(TA Instruments AR2000). All tests were performed under constant oscillatory shear at a 

frequency of 1 Hz and at strain of 0.25%, within the linear viscoelastic (LVE) regime of all resin 

systems. The resin samples were sandwiched between aluminum parallel plates and compressed to 

a gap of 0.5 mm. Nonisothermal cures were conducted by heating at 3.0ᵒC/min to 280ᵒC, and 

isothermal dwells were performed by heating at 10ᵒC/min to 121 and 150ᵒC for day 0 samples to 

build accurate base cure kinetics models, and at 1508C for rh levels of 30, 60, and 90% for day 10, 

20, and 30 to quantify effects of moisture absorption and aging on viscosity evolution. For both 

nonisothermal and isothermal tests, the stopping condition was defined as 90% of the machine-

specified maximum torque (200 mN•m) to ensure that measurements extended to and beyond the 

gel point as feasible. 

 

THEORETICAL BACKGROUND 

 

Cure Kinetics Model 

The following steps were taken to model cure kinetics. First, ΔHT was determined from 

nonisothermal cure data by fully curing the day 0 sample. Then, assuming that a cure rate is 

directly proportional to the measured heat flow, the cure rate can be expressed as [16, 17]: 
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where α is the degree of cure, dα/dt is the cure rate, and dH/dt is the measured heat flow. 

Integration of dα/dt versus time then yields α as a function of time. 

Epoxy cure reactions are complex, where linear chain extension and crosslinking take place 

concurrently. Therefore, phenomenological cure kinetics models are generally used to model 

epoxy cure reactions versus mechanical models [17–19]. In this study, a phenomenological model 

[19] accounting for the interplay between kinetics-controlled and diffusion-controlled reactions 

was modified to capture the effects of out-time and moisture absorption, yielding the following 

form: 
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where Ki is the Arrhenius temperature-dependent term, Ai is the Arrhenius constant, EA,i is the 

activation energy, mi and ni are reaction order-based fitting constants, D is the diffusion constant, T 

is the temperature, αC0 is the critical degree of cure at absolute zero, and αCT accounts for the 

increase in critical degree of cure with temperature. The numerator from equation (2) describes an 

Arrhenius-type autocatalytic reaction, while the denominator adds a diffusion factor to account for 

the shift from a kinetics-controlled reaction to a diffusion-controlled reaction as α increases. To 

account for ambient temperature and moisture absorption induced cure, which induce both time 

and magnitude shifts in the dα/dt profile, the initial degree of cure (α0) and the variables Ai, mi, ni, 
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Di, αC0,i, and αCT,i were defined as the general form f(r, to) = g(r)to
2 + h(r)to + i(r) , where g(r), h(r) 

and i(r) are second-order polynomials, r is relative humidity, and to is out-time. The model 

parameters determined are provided in Tables S1-S4.  

 

TABLE S1. Parameters for cure kinetics model for 33DDS (a/e = 0.6) (where rh = rh in fraction 

and to = out-time in days) 

A1 (x104s-1) = (8.90rh2-10.8rh+6.51)x10-2to
2+(-1.62rh+5.17)to+(5.0rh+146) 

EA1/R (x10-1K) = (1.33rh2-1.47rh+59.2)x10-2to
2+(-6.33rh2+7.37rh-3.18)to+(-1.67rh-168) 

m1 (x102) = (-22.2rh2+27.6r-2.01)x10-2to
2+(8.89rh2-11.0rh-11.9)x10-1to+(9.44rh2-9.83rh-70.3) 

n1 (x102) = (-7.31rh+1.83)x10-3to
2+(2.59rh-1.01)x10-1to+(-1.17rh2-1.58rh+8.27) 

D1 = (-1.07rh+2.87)x10-4to
2+(4.07rh-13.3)x10-3to+1.40 

αC0,1 = (7.08rh2-8.15rh+1.96)x10-1to
2+(-21.8rh2+26.2rh-6.73)to-49.7 

αCT,1=1.10x10-2 

A2 (x104s-1) = (28.9rh2-30.9rh+8.86)x10-3to
2+(-3.22rh2-3.35rh-1.84)x10-1to+10.6 

EA2/R (K) =-9.37x10-2 

m2 (x102) = (-5.10rh-1.54)x10-1to+(-8.89rh2+8.67rh+76.9) 

n2 (x101) = 4.30x10-3to
2+(28.3rh2-23.9rh+5.68)x10-1to+(-1.33rh+29.1) 
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D2 = (-19.8rh2+23.7rh-4.10)x10-2to
2+(50.1rh2-58.6rh+7.40)x10-1to+(-6.67rh2-8.0rh+51.5) 

αC0,2=-7.72 x10-5 

αCT,2 (x103) = (198rh2-260rh+6.50)x10-4to+1.66 

 

TABLE S2. Parameters for cure kinetics model for 33DDS (a/e = 0.8) 

A1 (x102s-1) = (27.4rh-1.16)x10-4to
2+(-100rh-1.80)x10-3to+(1.40) 

EA1/R (x10-3K) = (4.98rh2-7.69rh+1.88)x10-3to
2+(-15.0rh2+23.6rh-5.41)x10-2to-1.44 

m1 (x101) = (6.81rh2-5.71rh+1.91)x10-3to
3+(19.6rh2-20.7rh+1.71)x10-2to

2+(16.1rh-4.45) x10-1to-

7.69 

n1 (x101) = (19.3rh2-23.2rh+6.98)x10-3to
2+(-5.46rh2+6.01rh-1.78)x10-1to+(-1.33rh2-1.43rh+3.54) 

D1 = (28.2rh+5.63)x10-3to
2+(-60.8rh-4.23)x10-2to+(-4.44rh2+5.67rh+1.72) 

αC0,1 (x10-1) = (16.9rh2-16.7rh+3.96)x10-3to
2+(-4.49rh2+4.07rh-1.0)x10-1to-4.68 

αCT,1=1.07x10-1 

A2 (x104s-1) = (12.5rh2-14.8rh+3.14)x10-2to
2+(-4.26rh2+5.11rh-1.17)to+(5.56rh2-7.0rh+13.7) 

EA2/R (x102K) = (4.80rh2-5.51rh+1.58)x10-2to
2+(-9.24rh2+10.3rh-3.76)x10-1to+(2.39rh2-2.85rh-

8.8) 

m2 (x101) = (4.61rh2-5.37rh+1.10)x10-2to
2+(-15.3rh2+17.6rh-3.96)x10-1to+7.38 
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n2 = (11.7rh2-14.0rh+3.10)x10-3to
2+(-28.1rh2+38.2rh-8.63)x10-2to+1.94 

D2 = (16.3rh2.-18.3rh+5.23)x10-2to
2+(7.82rh-9.94)x10-1to+(-47.8rh2+56.0rh+43.7) 

αC0,2 (x105) = (-9.06rh2-10.3rh+1.03)x10-2to
2+(1.17rh2-1.12rh-1.16)x10-1to+(-2.61rh2+3.28rh-9.13) 

αCT,2 (x103) = (-4.97rh-4.17)x10-3to+1.77 

 

TABLE S3. Parameters for cure kinetics model for 44DDS (a/e = 0.8)  

A1 (x103s-1) = (-3.25rh+1.13)x10-2to
2+(9.60rh2-9.30rh+2.16)to+(4.0rh+15.3) 

EA1/R (x10-2K) = (-28.8rh+8.20)x10-2to+(-5.0rh2+5.17rh-14.4) 

m1 (x101) = (8.66rh2-11.9rh+3.71)x10-2to
2+(5.55rh-3.35)x10-1to+(-3.22rh2+3.53rh-8.12) 

n1 (x102) = (3.85rh2-4.86rh+1.34)x10-1to
2+(-8.72rh2+10.4rh-2.64)to+(7.78rh28.33rh+47.5) 

D1 (x102) = (13.5rh-3.43)x10-2to
2+(5.64rh-2.18)to+(-8.33rh+136) 

αC0,1 (x10-1) = (1.85rh2-2.45rh+1.30)x10-3to
2+(8.07rh2-9.47rh+1.88)x10-1to-4.85 

αCT,1=1.04x10-1 

A2 (x104s-1) = (10.5rh2-10.4rh+1.31)x10-3to
3+(-45.8rh2+43.0rh-4.03)x10-2to

2+(402rh2-334rh-

2.60)x10-2to+6.81 

EA2/R (x102K) = (-42.6rh2+37.9rh-7.56)x10-2to
2+(-19.0rh2+17.2rh-3.44)to+(-3.89rh2+3.43rh-10.0) 
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m2 (x101) = (-11.5rh+9.58)x10-3to
2+(27.7rh2-31.7rh+5.16)x10-1to+(3.44rh2-3.30rh+7.82) 

n2 (x101) = (-3.09rh+2.23)x10-2to
2+(8.6rh-5.25)x10-1to+(6.11rh2-6.17rh+17.7) 

D2 = (8.89rh2.-11.5rh+3.48)x10-1to
2+(-3.24rh2.+4.19rh-1.27)x101to+(4.33rh+52.7) 

αC0,2 (x105) = (-17.5rh+7.03)x10-2to
2+(7.34rh-2.94)to+(3.53rh-9.14) 

αCT,2 (x103) = (-4.60rh-4.19)x10-3to+1.77 

 

TABLE S4. Parameters for initial degree of cure (α0) input to cure kinetics model and viscosity 

model (where α0,a = actual initial degree of cure (used as an input to viscosity model) and α0,f = 

fixed initial degree of cure (= 0.0015, used as an input to cure kinetics model)) 

  α0,a (33DDS (a/e = 0.6)) = α0,f +(-75.4rh2+3.24rh+52.0)x10-6to
2+(41.3rh2.+13.8rh-1.78)x10-4to 

α0,a (33DDS (a/e = 0.8)) = α0,f +(1.12rh2-2.39r+1.11)x10-4to
2+(-1.74rh2.+9.37rh-1.67)x10-3to 

  α0,a (44DDS (a/e = 0.8)) = α0,f +(-31.4rh2+30.0rh-3.68)x10-5to
2+(15.4rh2.+15.0rh+2.61)x10-4to 

 

Viscosity model 

 

The viscosity (η) evolution of epoxy resin during processing is affected by two competing 

effects: temperature and cure. Heating the resin decreases viscosity due to increased molecular 

mobility, but it also induces cure which increases viscosity due to increase molecular size. To 

capture these phenomena, along with out-time and moisture absorption effects on η evolution 
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during cure, a phenomenological model developed by Khoun et al. [20] was adapted and modified 

to yield the following expression: 
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where ηi is the Arrhenius dependent viscosity component, Aηi is the Arrhenius constant, Eηi is the 

viscosity activation energy, α1 is the degree of cure at gelation, and A, B, C, d and e are fitting 

constants. The first term in equation (4) takes an Arrhenius-type form, and the second term is 

added to account for the rapid viscosity increase near the gelation point. Here, the variables Aηi, 

Eηi, α1, A, B, C, d and e were defined as f(r, to) = g(r)to
2 + h(r)to + i(r) to account for changes 

associated with ambient temperature cure as well as moisture absorption. The model parameters 

are provided in Tables S5-S7. 

 

TABLE S5. Parameters for viscosity model for 33DDS (a/e = 0.6) (where rh = rh in fraction and to 

= out-time in days) 

Aƞ1 (x102Pa·s) = (-2.07rh-4.28)x10-1to+(-8.67rh+25.1) 

Eƞ1/R (x102K) = (48.3rh+60.0)x10-2to+(3.83rh2-4.08rh+122) 

Aƞ2 (Pa·s) = (10.1rh-2.48)x10-1to
3+(-43.7rh+8.05)to

2+(400rh+13.1)to+326 

Eƞ2/R (x101K) = (-22.8rh2+28.8rh-7.81)x10-3to
2+(5.83rh2-7.14rh+1.68)x10-1to+8.47 
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α1 (x101) = (-24.2rh2+25.4rh-5.01)x10-3to
2+(7.17rh2-7.04rh+1.39)x10-1to+4.53 

A = (22.7rh-9.07)x10-3to
2+(-9.55rh+3.82)x10-1to+14.2 

B = (14.7rh2-17.1rh+3.80)x10-1to
2+(-30.0rh2+33.9rh-7.63)to+(20.0rh2-23.7rh+60.7) 

C = (-16.2rh2+19.1rh-4.44)x10-1to
2+(34.6rh2-39.6rh+9.49)to+(-25.6rh2+31.7rh-63.8) 

d (x102) = (2.10rh-3.30)x10-2to
2+(-2.73rh+8.10)x10-1to+(1.72rh-7.51) 

e (x105) = (12.0rh-3.43)x10-2to
2+(-5.11rh+1.48)to+(-1.67rh+137) 

 

TABLE S6. Parameters for viscosity model for 33DDS (a/e = 0.8) (where rh = rh in fraction and to 

= out-time in days) 

Aƞ1 (x102Pa·s) = (-14.3rh+5.26)x10-2to
2+(4.29rh-1.15)to+(-11.8rh2+15.1rh-4.10) 

Eƞ1/R (K) = (-7.10rh2+8.62rh-1.95)x10-2to
2+(21.3rh2-25.8rh+5.77)x10-1to+1.41 

Aƞ2 (x10-1Pa·s) = (-1.78rh2+1.97rh+4.63)to
2+(4.44rh2-5.0rh-20.1)x101to+1.93x103 

Eƞ2/R (x101K) = (15.0rh2-18.0rh+3.96)x10-2to
2+(-4.19rh2+5.06rh-1.07)to+(-1.78rh2+2.53rh+6.52) 

α1 (x102) = (-12.2rh+6.98)x10-2to
2+(4.14rh-2.16)to+(-2.50rh+60.3) 

A = (-9.94rh+2.16)x10-3to
2+(29.3rh-5.17)x10-2to+14.1 

B = (3.14rh-2.62)x10-1to
2+(-11.4rh-10.0)to+(-1250rh2+1700rh-1.0)x10-1 
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C = (-3.59rh+2.84)x10-1to
2+(12.6rh-10.6)to+(124rh2-171rh+4.0) 

d (x104) = (-4.50rh2+5.58rh-2.46)to+(-6.83rh+18.1) 

e (x102) = (5.09rh-1.87)x10-3to
2+(-15.1rh+2.76)x10-2to+(1.67rh2-2.17rh+1.71) 

 

TABLE S7. Parameters for viscosity model for 44DDS (a/e = 0.8) (where rh = rh in fraction and to 

= out-time in days) 

Aƞ1 (x103Pa·s) = (2.80rh+6.12)x10-1to
2+(-5.67rh-28.5)to+(6.67rh+286) 

Eƞ1/R (x102K) = (-69.7rh+3.60)x10-3to
2+(16.0rh+6.07)x10-1to+(-3.33rh+125) 

Aƞ2 (x10-2Pa·s) = (-7.22rh2+9.50rh+3.84)to
2+(2.06rh2-2.75rh-2.0)x102to+(5.0rh+262)x101 

Eƞ2/R (x102K) = (5.38rh2-6.45rh+1.45)x10-1to
2+(-12.3rh2+16.2rh-3.26)to+(-3.89rh2+5.17rh+64.0) 

α1 (x102) = (1.91rh-1.03)to+(-6.83rh+66.7) 

A = (-7.29rh+1.84)x10-3to
2+(16.4rh+1.87)x10-2to+13.0 

B = (-14.4rh2+19.8rh-6.59)x10-1to
2+(45.3rh2-60.0rh+19.3)to+(7.33rh+59.3) 

C = (13.6rh2-18.8rh+6.27)x10-1to
2+(-42.1rh2+56.0rh-18.3)to+(-8.0rh-54.3) 

d (x103) = (-2.17rh2+3.08rh-5.13)x10-3to
2+(7.22rh2-9.83rh+20.3)x10-2to-1.61 

e (x103) = (16.4rh2-22.0rh+2.05)x10-1to
2+(-511rh2+657rh+8.0)x10-1to+(-5.0rh-159) 
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RESULTS AND DISCUSSION 

Out-time characterization 

Previous studies have shown that out-time or aging-induced cross-linking of the epoxy 

resin causes α0 to increase, and the moisture absorbed during out-time can affect the reaction by 

acting as both catalyst and solvent [10-15]. To verify this, TGA was used to monitor mass stability 

during heating and results were measured. Fig. 2(a) compares the weight percent of absorbed water 

change with out-time for resin systems with the same cure agent (33DDS) but different a/e 

stoichiometric ratio.  The data show that the water uptake increases with rh and with higher a/e 

stoichiometric ratio. 
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FIG. 2. Weight percent of absorbed water (H2O) change on out-time and rh for: (a) 33DDS (a/e = 

0.8) and 33DDS (a/e = 0.6); and (b) 33DDS (a/e = 0.8) and 44DDS (a/e = 0.8). 

 

Fig. 2(b) shows the water uptake as a function of out-time for formulations with different 

isomeric cure agents but identical a/e stoichiometric ratios.  The data show that water absorption is 

a strong function of rh and of the amount of available amine groups in the resin. Both 33DDS and 

44DDS based resins exhibit nearly the same water absorption level across all out-time values at 

each different rh conditioning. Thus, combined, the results in Fig. 2 indicate that amine has greater 

affinity towards the hydroxyl group in water than to the epoxy group. Furthermore, water 

absorption is a weak function of the ‘ambient temperature-induced’ primary degree (1⁰) amine-

epoxy reaction (or α0), which is expected to progress until the resin Tg approaches the ambient 

temperature, where it vitrifies. At equilibrium, for resins with a/e = 0.8, roughly 1.1 wt% water 

was absorbed for a rh of 90%, while only 0.2 wt% was absorbed for the resin with a/e = 0.6. Thus, 

at a molecular level, we expect that samples conditioned at higher humidity levels will exhibit 

greater changes in α0 associated with the catalytic and solvent effect.  

∆HT of the resin was determined by integrating the exothermic heat flow evolution from 

DSC heating measurements where the resin was fully cured. The α0 was calculated using the 

equation:  
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                                 (6) 
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where ∆HT is expected to decrease with out-time due to the decrease in the number of reactants.  

Values of α0 are plotted in Fig. 3. For the convenience of modelling cure kinetics and viscosity 

evolution during cure, the α0 change on out-time can be fitted as:  

0, 0, 0, ( , )a f v ot rh   
                                                     (7) 

where α0,a is actual initial degree of cure (used as an input to the η model), α0,f is the fixed initial 

degree of cure (= 0.0015, a fixed fitting parameter used as an input to the cure kinetics model), and 

α0,v is variable degree of cure. The model parameters determined are provided in Table S4. The 

results show that for all resin types, α0 increases with out-time in a predictable manner. Resin 

conditioned at higher rh levels exhibited a sharper increase in α0, as absorbed water facilitated 

cross-linking at the ambient temperature.  

Fig. 3(a) shows that 33DDS with higher a/e stoichiometric ratio ages more rapidly, 

presumably due to higher collision numbers between available amine and epoxy group. Resins 

with the same a/e stoichiometric ratio but with different isomeric cure agents are compared in Fig. 

3(b), and the data show that 33DDS (with meta substitution)-based resins age substantially more 

rapidly than the 44DDS (with para substitution)-based resins. The accelerated aging occurs 

because the reactivity of the amine depends upon the nucleophilicity of the amino group [7]. Both 

33DDS and 44DDS isomers have the same electron withdrawing sulphonyl group, where the only 

difference comes from the orientation of the NH2 groups. Due to para-substitution, 44DDS has 

delocalization of the lone pairs of electrons on nitrogen but such resonance is not possible in meta-

substitution, 33DDS. Consequently, 33DDS is more reactive with epoxide groups than 44DDS. 
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FIG. 3. Dependence of initial degree of cure (α0,a) on out-time and rh for: (a) 33DDS (a/e = 0.8) 

and 33DDS (a/e = 0.6); and (b) 33DDS (a/e = 0.8) and 44DDS (a/e = 0.8). 

 

The effects of absorbed moisture on the B-stage or initial glass transition temperature (Tg,0) 

during out-time were determined from MDSC data and are displayed in Fig. 4. Measurement of 

Tg,0 requires moderate heating of the sample, usually to slightly above ambient temperature, 

making it useful for tracking out-time. Fig. 4(a) shows that nearly the same Tg,0 values are obtained 

for 33DDS-based resins conditioned at the same rh but with different a/e stoichiometric ratios, 

except at day 30. The resin with higher α0 is expected to have higher Tg,0. The results manifest the 

presence of two competing effects, where the solvent effect of water decreases Tg,0, while the 
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catalytic effect of water together with the higher a/e stoichiometric ratio provide higher collision 

numbers, thus increasing Tg,0. These competing effects are also apparent in Fig. 4(b), where the 

44DDS based resin aged at 60 & 90% rh exhibits a decrease in Tg,0 at day 10, despite progression 

towards a higher α.  

 

FIG. 4. Initial glass transition temperature (Tg,0) dependence on out-time and rh for: (a) 33DDS 

(a/e = 0.8) and 33DDS (a/e = 0.6); and (b) 33DDS (a/e = 0.8) and 44DDS (a/e = 0.8). 

 

When the 33DDS-based resin is fully cured, it will have greater configurational entropy 

than the  44DDS-based resins, making the resin more flexible and resulting in lower Tg. Out-time 

and rh conditioning effects here show that 44DDS-based resins exhibit higher Tg,0 than the 
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33DDS-based resins until day 20, despite 44DDS based resin having lower α0 (see Fig. 3(b)). With 

continued aging, the result reverses for day 30 samples conditioned at rh = 60 & 90%, where α0 

further increases quadratically and more rapidly against out-time for the 33DDS-based resin 

relative to the 44DDS-based resin. Thus, tracking evolution of Tg,0 may not be a reliable way to 

track α0 for a resin exposed to variable environmental conditions. Overall, the combination of out-

time and moisture absorption leads to permanent changes in the resin state prior to cure, and this is 

expected to affect the course of cure kinetics and viscosity evolution during cure. 

 

Cure kinetics evolution and modelling 

Fig. 5 shows representative cure kinetics measurements and the corresponding predictive 

model obtained using equation (2). Note that α is an integration of cure rate over time, and thus 

only the cure rate results are presented here. Cure kinetics data and the model results for fresh resin 

and resin conditioned at rh = 90% for 30 days provide two extremities in terms of the cure kinetics 

change/shift and thus were chosen to demonstrate the model’s accuracy. Thus, these quantities 

have been selected and are plotted in Fig. 5, and the parameters for the cure kinetics models are 

shown in Table S1-S3. The cure kinetics model for each resin system was first developed using 

isothermal dwell data at 121 and 150 °C, and dynamic ramp data with fresh resin samples. 

Subsequently, isothermal dwells at 150 °C and dynamic ramps were conducted on all three resin 

systems conditioned at RH = 30, 60 and 90% from 0 to 30 days. These conditions were selected to 

take into account the effects of moisture absorption and out-time during cure, and to determine 

parameters in the cure kinetics equation. Confining the parameters to predictable patterns as 
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functions of out-time and rh, the present cure kinetics model captured out-time and humidity 

effects accurately over the entire range of conditions studied.  

 

 

FIG. 5. Representative cure kinetics measurement and model prediction of isothermal dwell and 

dynamic ramp. 
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Out-time induced cross-linking causes α0 to increase, and absorbed moisture can further 

catalyze this reaction. In general, the thermoset resin cure can be perceived as a blend of fast- and 

slow-occurring reactions, which are kinetics-driven and diffusion-driven, respectively. Thus, out-

time, where the reaction is induced at ambient temperature, is expected to mainly affect kinetically 

driven reactions. Such reaction will proceed until the resin reaches its Tg, at which point the resin 

vitrifies.  

Overall, time-based (horizontal axis) cure rate shifts are more apparent during isothermal 

cure than during dynamic ramp conditions, as the reaction temperature is relatively high. On the 

other hand, magnitude-based cure rate shifts with out-time and rh conditioning are more apparent 

under dynamic ramp conditions. Both time- and magnitude-based shifts are greater with higher a/e 

stoichiometric ratios within the same cure agent, and weaker with para-substituted 44DDS-based 

resin, as it exhibits slower cure rates than the meta-substituted 33DDS-based resin.  

 

Viscosity evolution and modelling 

Fig. 6 shows representative η measurements and the corresponding predictive model 

obtained using equation (4). As with the development of the cure kinetics model, fresh resin 

samples were used to generate isothermal dwell data at 121 and 150 °C, and these data were then 

combined with dynamic ramp data to develop a benchmark viscosity model.  Subsequently, resin 

samples conditioned at rh = 30, 60 and 90% from 0 to 30 days were used to account for the effects 

of moisture absorption and out-time during cure and to determine parameters in the η equation. 

Parameters for η models are shown in Tables S5-S7. Fig. 6 shows that the viscosity model 

captured out-time and humidity effects accurately over the entire range of conditions studied. 
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FIG. 6. Representative viscosity (η) measurements and model prediction of isothermal dwells and 

dynamic ramps. 

 

Generally, η evolution for a cure cycle is governed by the competing effects of cure 

(which increases η) and heating (which decreases η). Initially, as the temperature increases and the 
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resin degree of cure is low, the thermal effect is predominant, and the η decreases. As the α begins 

to accelerate and the temperature approaches the isothermal dwell, the process becomes cure-

driven, and the η increases at an increasing rate until gelation occurs, where the resin flow 

decreases drastically. Such effects are apparent in Fig. 6. In addition, the η also increases with 

ambient exposure, moisture absorption, and cure. The phenomena are especially important because 

viscosity directly affects resin flow, and the deviation from Newtonian behavior is expected near 

the gel point (G’ = G” [21]), or the flow stop point. In other words, the η levels and resin flow 

times required to completely wet fiber tows during prepreg processing are progressively limited by 

ambient temperature, moisture absorption, and cure. Therefore, the increase in η due to ambient 

exposure and moisture absorption is the primary factor that determines resin out-life, as specified 

by resin manufacturers.  

Comparing the same 33DDS-based resin with different a/e stoichiometric ratios, a lower 

a/e stoichiometric ratio offers a lower η profile when subjected to the same cure cycle, while the 

44DDS-based resin exhibits an even lower η profile. This behavior arises because under the same 

cure cycle, cure progresses most rapidly in 33DDS with a/e = 0.8, and most slowly in 44DDS with 

a/e = 0.8. Furthermore, this effect is more pronounced under dynamic ramps. Therefore, in 

designing epoxy resins for prepreg, consideration must include the effect of reaction speed on flow 

level and flow duration, as these are critical to full impregnation during processing, as well as the 

effects of out-time and rh conditioning. As demonstrated in a previous study [10], an accurate 

model for viscosity allows one to develop a viscosity-controlled (or flow-enhanced) cure cycle that 

can in principle extend out-life and limit flow-induced defects, while also minimizing cycle time 

for prepreg.  
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Gelation point 

For epoxies, gelation is often defined as the point where G’ and G” intersect [18] (Fig. 

7(a)). At gelation, η increases quickly, cure effects dominate over thermal effects, and deviation 

from Newtonian behavior is expected [22]. Thus, gelation is also the flow stop point. In other 

words, the viscosity levels and resin flow times required to completely wet fiber tows during 

processing are progressively limited by ambient temperature, moisture absorption, and cure. 

Therefore, the increase in viscosity due to ambient exposure and moisture absorption is the 

primary factor that determines the out-time limit or out-life for prepreg.  
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FIG. 7. Gelation time (tgel) measurement method and change under isothermal dwell. (a) G’ and G” 

versus cure time for 33DDS resin with a/e = 0.8 (b) tgel versus out-time for 33DDS resin with a/e = 

0.6 and 0.8 (c) tgel versus out-time for 33DDS resin and 44DDS resin with a/e = 0.8. 
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As expected, Fig. 7(b) & (c) show that for all resin systems, tgel or ‘resin flow time’ under 

similar cure conditions decreases with both out-time and higher rh conditioning. The 33DDS resin 

with a/e = 0.6 exhibits higher tgel than 33DDS with a/e = 0.8, as the reaction is slower. Comparing 

para-substituted 44DDS resin and meta-substituted 33DDS resin, the reaction of the 44DDS resin 

is substantially slower than the 33DDS resin and attains a lower α0 during out-time and humidity 

conditioning.  As a result, the 44DDS resin exhibits a tgel nearly twice that of the 33DDS resin. 

Thus, from the perspective of a resin formulator, 44DDS and lower a/e stoichiometric ratios offer 

longer tgel and thus longer resin flow time. The epoxy resin flow stops at the gelation point, yet the 

resin may still continue to react.  

 

Glass transition temperature 

Glass transition or vitrification point is determined using MDSC from the inflection point 

of the heat capacity (Cp) during the isothermal dwell period [22]. The results, tabulated in Table 1, 

show that for a given resin system, during isothermal dwells, where etherification reaction is 

unlikely to occur, higher a/e stoichiometric ratios resulted in higher Tg values, as these 

formulations have more amine-epoxy bonds.  However, due to etherification at higher temperature, 

fully cured Tg (or Tg,ꝏ) reached nearly the same level. Comparing para-substituted 44DDS resin 

and meta-substituted 33DDS resin, the Tg of 33DDS-based resin was lower, because 33DDS resin 

has greater configurational entropy, making the resin more flexible and yielding lower Tg. 
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TABLE 1. Glass transition temperature (Tg) for all resin systems where Tg,121C and Tg,150C are Tg for 

resins cured at isothermal dwell of 121 ⁰C and 150 ⁰C respectively and Tg,ꝏ is Tg for fully cured 

resin. 

 
33DDS (a/e = 0.8) 33DDS (a/e = 0.6) 44DDS (a/e = 0.8) 

Tg,121C (°C) 145.9 139.9 148.3 

Tg,150C (°C) 182.7 175.5 191.6 

Tg,ꝏ (°C) 216.4 215.8 236.8 

 

Resin flow control 

The cure kinetics measurements, η measurements, and predictive models developed in this 

study show that the influence of out-time and absorbed moisture on the resin viscosity can be 

substantial. This, in turn, can cause incomplete impregnation of resin on fiber beds during prepreg 

processing. However, with the predictive η model developed here, the temperature cycle can be 

tuned to potentially develop a flow-enhanced or viscosity-controlled cure cycle that can limit flow 

induced defects.  

A squeezing flow geometry have been widely investigated for characterizing resin flow 

during lamination [1, 23-24]. Here, the prepreg layup is sandwiched between stainless steel plates 

into the Instron test frame, where a linear variable differential transformer is used to measure the 

movement of the cross heads. While the plates are heated, a constant force is applied and measured 
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by the load cell. Assuming that the resin flow can be approximated as Newtonian before it gels, a 

characteristic flow quantity called flow number (NFL) has been defined as follows: 
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where ρp is the resin density, ρo is the prepreg density, F is the lamination press force, h0 is the 

initial stack thickness, R is the effective radius of the resin. The main variable controlling the flow 

quantity is: 
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where NFL,eff is the effective flow number, and higher NFL,eff  means more resin flow. With the 

predictive η model developed in this study, there are two controlling variables that affect η 

evolution: heating rate and dwell temperature. Fig. 8 compares η evolution at various dwell 

temperatures and heating rates. The η evolution during cure is primarily affected by cure 

temperature and α, where an increase in temperature leads to decrease in η, yet it also accelerates 

cure, which increases η. Additionally, higher heating rate leads to a more rapid decrease in η, 

allowing the resin to achieve lower η before the substantial effect of cure kicks in. However, once 

the resin reaches cure temperature, the rapid cure effect is expected, thus leading to reduction in 

resin flow time. 
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FIG. 8. η model prediction for 33DDS (a/e = 0.8, rh 90%) at day 30: (a) fixed ramp rate to 

incremental dwell temperatures and (b) incremental ramp rate to the same dwell temperature. 

 

These competing effects are evident in Fig. 8, where η model prediction for 33DDS (a/e = 

0.8, rh 90%) at day 30 were subjected to various heating rates and dwell temperatures. The results 

show that a higher dwell temperature leads to lower η, yet the faster cure effect leads to a more 

rapid η increase (Fig. 8(a)). Also, a more rapid heating rate is shown to lead to lower η, although 

once the temperature reaches the dwell temperature, which occurs at around the ηmin, η is shown to 

increase at the same rate regardless of thermal history. Fig. 9 depicts NFL,eff  calculated using 
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equation (8) at various cure conditions. The purpose of this analysis was not to find a maximum 

NFL,eff , although it is apparent that the predictive η model allows design of a ‘flow-enhanced’ cure 

cycle that is specific to the particular resin system, aging, and thermal history.  

 

 

FIG. 9. Effective flow number (NFL,eff) at various cure conditions for 33DDS (a/e = 0.8, rh = 90%) 

at day 30. 

 

CONCLUSIONS 

 Three aerospace grade resins were formulated to investigate the effects of variation in DDS 

isomers, a/e stoichiometric ratio, out-time, and moisture absorption on processing characteristics 

and cured resin properties. First, conventional thermochemical and thermomechanical methods 

(MDSC and rheometry) were used to collect benchmark data. Regardless of the resin system, the 

results show that out-time increases initial degree of cure and more so with moisture absorption 

which influence the cure kinetics and viscosity evolution during cure. These effects, in turn, will 
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shorten flow level and time which could potentially lead to insufficient resin flow during 

composite manufacturing. Therefore, limiting out-time and including humidity and thermal 

controls are generally required to ensure sufficient resin flow. 

Then, accurate process models were developed that comprehensively capture out-time and 

humidity effects on cure kinetics and viscosity for each resin systems. Among the three resin 

systems investigated in this study, meta- substituted 33DDS with a/e = 0.8 exhibited the highest 

cure rate and the lowest flow time. This behavior was attributed to the increase in collision number 

between amine and epoxy compared to a/e = 0.6 and the lack of delocalization of the lone pair of 

electrons on nitrogen compared to para- substituted 44DDS. Conversely, 44DDS with a/e = 0.8 

exhibited the slowest cure rate with the highest flow time.  In addition, 44DDS based resin 

exhibited the highest glass transition temperature due to having lower configurational entropy than 

33DDS based resin. The results offer practical insights regarding resin formulation and prepreg 

processing, particularly that: (1) 33DDS-based resin is more susceptible to aging and flow time 

reduction, albeit with faster processing time; (2) lower a/e will require longer dwell at higher 

temperature to complete the etherification reaction, albeit with more flow time; and (3) 44DDS 

resin offers longer flow time with higher glass transition temperature, yet with substantially longer 

processing time. Finally, the predictive viscosity model demonstrates a method to enhance resin 

flow during prepreg processing which can potentially limit flow-induced defects. 

Overall, this study provides foundational knowledge for aerospace grade DDS isomer 

cured resins subjected to pre-cure conditions that are largely unavoidable in practice with prepreg 

processing. The predictive models developed here can be used to enhance resin flow. The models 

combined with the experimental results, they potentially allow adaptive manufacturing of quality 

parts with non-ideal material and process conditions. 
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