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Abstract
Heat sealing of multilayer polymer films is a critical step in the packaging of food, consumer products, and various other commercial items.  Each layer comprises a resin that is specifically designed to impart a particular property to the final package.  The sealant layer, in particular, must provide the package with a hermetic seal of sufficient strength to hold the product, and it must do so fast enough to accommodate high throughput.  The toughness layer provides overall strength to the film. Recently, packaging manufacturers have sought  to create all-polyethylene packaging. Polyethylene resins are tailored for different roles through adjustments in molecular weight and short-chain branching (SCB) distributions. To facilitate the design of resins for such multilayer packages, we develop a model for the heat sealing operation that accounts for the thermo-rheological behavior of the different crystallizable resins comprising the multilayer film, based on molecular level characterization.  The crystallizable discrete slip-link model (cDSM), modified to account for partial crystallinity, is used to describe the rheology of each resin as it melts and recrystallizes.  Melting and crystallization are modeled using the Toda and Nakamura models, which have been expanded to accommodate distributions of melting points associated with SCB in high-density polyethylene (HDPE) and linear low-density polyethylene (LLDPE) resins. The heat sealing model is validated using results for hermeticity obtained from multilayer films processed in industrial packaging machines. 

I. Introduction
[bookmark: _Hlk201857391]Heat sealing is a common industrial process for hermetically sealing flexible packaging made from polymer films. The sealed package protects and preserves the content against environmental conditions and frequently carries a graphic image to identify and advertise the product. A typical heat sealing operation is shown in Figure 1a. In this vertical form, fill and seal (VFFS) operation, the film is first converted into a tube by forming a fin seal, and then two hot seal bars apply pressure and heat to form the seal. After that, the machine cuts the film to create individual pouches. The pouches, as depicted in Figure 1b, have the fin folded to the side during sealing.  Within the top and bottom seal regions, the folded fin creates a challenge for producing a fully hermetic seal. The initial heat and pressure applied by the seal bars are focused on the fin and underlying layers, as this region is twice the thickness of the rest of the pouch.  As melting and squeeze flow proceed, the thickness of the fin and underlying film decreases enough for the rest of the seal region to make full contact with the seal bars.  Squeeze flow slows due to the larger area of contact; however, the final step of sealing requires sufficient volume of molten polymer to flow into the triple point, closing off the channel (shown in Figure 1c) adjacent to the fold.  [image: A close-up of a device  AI-generated content may be incorrect.]
[bookmark: _Ref205115699]Figure 1: a) Vertical form fill and seal machine (VFFS) b) pillow pouch highlighting the sealing regions of the folded fin and triple point; c) edge-on view of the folded fin and triple point before sealing.

The polymer films are typically multilayer films, wherein different layers serve different purposes and comprise different polymer resins designed for each purpose. In its simplest form, the multilayer structure is a bilayer that consists of a toughness layer and a sealant layer. The toughness layer has a relatively high melting temperature and provides mechanical strength to the film; for example, it might be a resin designed for puncture- and tear-resistance. The sealant layer has a relatively low melting temperature. It melts when the hot seal bars are applied, flows under the applied pressure to fill any gaps between the two multilayer films, and forms a weld after the seal bars are removed, as it cools down and recrystallizes. Typically, multilayer films may have additional layers, such as a barrier layer to ensure product preservation, a printing layer to carry graphics, or layers that serve other, more subtle and proprietary purposes. However, the different purposes of layers are usually achieved with chemically different polymers, which are later hard to separate, limiting recyclability. All-polyethylene packaging seeks to improve recyclability by sourcing only polyethylene resins, such as high density (HDPE) and linear low density (LLDPE) polyethylenes, for the different layers. The differences between resins lie in their molecular-level details: specifically, molecular weight and short-chain branching (SCB) distributions, which translate to differences in rheological properties, melting temperatures, and crystallization rates. Generally, polyethylenes with more SCB have lower melting temperatures, while those with less SCB have higher melting temperatures and make denser, harder materials. Molecular weight controls the viscosity of molten polymers; lower molecular weight polymers flow faster, while higher molecular weight polymers have a more elastic response to deformation. The ability to manipulate these molecular characteristics allows tuning of resins for heat sealing performance.   
The speed of the heat sealing operation is critical for the overall efficiency of the packaging line. The seal bars are in contact with the film, applying heat and pressure for the time interval known as the dwell time . The bar temperature has to be high enough, and the dwell time has to be long enough, to melt the sealant layer and for polymer chains in the melt to interdiffuse through the interface and create a strong weld[1,2]. The time required to form a strong weld can be reduced by raising the seal bar temperature . The molten sealant layer flows in response to the pressure applied by the seal bars, . The maximum throughput, or minimum cycle time, of a packaging line is often determined by the ability of certain layers of the film to melt quickly and provide a large volume of flow. We define fractional flow volume Vf as the volume of material squeezed out from the seal area divided by the total volume of material; in previous work, this quantity was called “squeeze-out”[3]. The flow volume is necessary to fill any gaps between the films, including filling of the triple point, and ensure a hermetic seal. However, excessive flow can lead to insufficient sealant between films and cause seal failure. Thus, flow volume is important for seal integrity and depends on operating conditions, such as seal bar temperature, seal bar pressure, and dwell time, and the properties of the several resins that constitute the multilayer film. Hermeticity maps are often used to understand a film’s ability to form a hermetic seal as a function of the primary packaging machine parameters. However, generating these maps can be time-consuming. For this purpose, computational methods are beneficial.  
 A model for the heat sealing process must consider rheology, heat transfer, and phase transition. In their seminal work, squeeze-out was studied by Morris and Scherer[3], who modeled the flow of polymer melt between the seal bars under constant compressing force. This model assumes no-slip boundary conditions at the bars and allows the strain rate to vary across the film thickness. The polymer melt rheology was modeled using the Carreau-Yasuda model, which accounts for shear-thinning behavior. Steady state operation was assumed, precluding any description of the initial elastic response of the polymer or time-varying rheology such as that associated with the melting of a semicrystalline polymer upon application of the hot seal bars. The model did not consider heat transfer, assuming instead a constant temperature across the film's thickness. Variations in temperature would change the strain rate profile, as pointed out by the authors[3] . The authors compared the model results with experimental data. The model was found to underestimate squeeze-out significantly, but the effect of bar temperature on squeeze-out was captured qualitatively. 
The build-up of strength in the seal was studied by Morris[4], who developed a transient model that considers heat transfer but not flow. The transient behavior includes stages of heat-up, constant temperature, and cool-down. It also accounts for the generation and removal of latent heat associated with melting and recrystallization. To model seal formation, the author correlated the diffusion distance of polymer chains across the weld interface with the experimentally observed seal strength. Considering the entire heating cycle is important since significant diffusion across the interface occurs during heat-up and cool-down, as pointed out by the author[4]. 
Further work on modeling the heat sealing process was done by Aghkand et al.[5], and Aghkand and Ajji[6] who studied linear low density polyethylenes (LLDPEs) as sealant layers in a bilayer film. In the former work, the authors focused on the heat-transfer boundary condition from the seal bar and neglected the squeeze flow in their model completely. In the later work, squeeze flow was modeled under the assumption that the sealant layer is completely molten, using either a power law or Carreau-Yasuda model for the melt rheology. Both approaches, while qualitatively accurate, failed to predict squeeze out at the bar temperatures studied. Since a lag time would be required to reach the melting temperature of the sealant, the authors used a shift factor in time to revise the estimates for squeeze flow. Thus, a more accurate description of the range of melting temperatures in LLDPE resins and the rheology of the sealant at intermediate crystallinities is needed to model the heat sealing process.
Indeed, both transient thermal and rheological models are  required for flow volume calculations. The latent heat of melting and recrystallization affects heat transfer, while the associated destruction and creation of rigidifying crystallinity affect the rheology and, by extension, the onset or cessation of flow. For layers with melting transitons well above Tbar, it may be reasonable to treat them as fully rigid throughout all stages of a transient model, but for those with melting transitions in the vicinity of or below Tbar, a more detailed description that accounts for both the effects of crystallinity on flow and the affects of flow on crystallization kinetics may be required. Such is clearly the case for multilayer films comprising LLDPE resins wherein the sealant layer melts and recrystallizes.  These resins are disperse in molecular weight and in the distribution of short chain branches, arising from the incorporation of hexene or octene monomers in the polyethylene chain. As a result, LLDPEs – especially those used as sealant resins – display a melting transition. At any given time during the heat sealing operation, one may find that some of the layers are neither completely molten nor completely rigid but rather in a state of transition between the two. These layers, too, can soften and deform. Given the substantial ability to tailor molecular weight and short-chain  branching distributions in LLDPE resins, one can exert significant control over the rheology and melting or crystallization kinetics to realize more or less squeeze-out. Thus, it is desirable to introduce these molecular-level details into a heat sealing model.
This work presents a transient model of the heat sealing operation that accounts simultaneously for coupled flow and heat transfer in bilayer films of crystallizable LLDPE resins. While the individual thermal and flow frameworks employed here are well established, the key contribution of this work is their fully coupled solution using molecularly-informed thermal and rheological models, wherein crystallinity and rheology evolve together at each time step. The model is readily extensible to multilayer films.  The rheology is modeled using a crystallizable discrete slip-link model (cDSM)[7–9].  This model is based on the discrete slip-link model of Schieber and co-workers[10–13], which has been shown capable of modeling entangled polymers having a broad distribution of molecular weights[14,15]. Slip-spring models[16–21] could be modified similarly to account for crystallization.  Importantly, the cDSM model accounts for the effects of molecular weight distribution (MWD) and crystallinity on flow. A key advantage of the slip-link framework is that its parameters can be fit to linear viscoelastic response, yet the parameters have physical interpretation and the same model can be used without reparametrization to predict nonlinear, transient, and nonisothermal rheology of the melt.  Heat transfer is modeled using a straightforward energy balance on the bilayer film, with the latent heat contribution based on Toda’s equation[22] for melting kinetics and Nakamura’s equation for crystallization kinetics[23].  The effects of short-chain branching distribution (SCBD) on heat transfer and kinetics of melting and recrystallization are approximated using a melting temperature distribution based on Flory’s theory of copolymer crystallization, which allows for partially molten layers at intermediate temperatures. The primary focus of this model is on the role of molecular level details in the heat sealing process, to facilitate the design and selection of resins for multilayer films.
II. Heat Sealing Model
A. Model overview

In constructing the model, our primary concern was to retain sufficient molecular level information to distinguish the thermo-rheological behavior of the different polyethylene resins in a multilayer film as a function of the operating parameters, Tbar, Pbar and tdwell, during heat sealing.  For high density polyethylene (HDPE) and LLDPE, the relevant molecular level information is the molecular weight distribution (MWD) and the short chain branching distribution (SCBD). Such detailed resin description increases model complexity. To reduce computational requirements, we used a simplified representation of the multilayer film in which each layer is rheologically homogeneous, as shown in  Figure 2. The multilayer film is aligned parallel to the xy plane, with x being the machine (i.e. tube axis) direction and y being the transverse direction along which the seal bars are aligned.  The z-coordinate then defines the direction through the thickness of the multilayer film. The computational domain is split into subdomains corresponding to the individual layers, within which the rheological variables, specifically temperature T, crystallinity , stress , and flow rate , are constant. These variables change with time in response to Tbar and Pbar. During the heat-up stage, the thickness h of a layer changes when the seal bar at temperature Tbar transfers enough thermal energy to the layer to induce softening, through thermal and/or melting effects, whereupon the layer flows in response to the applied seal bar pressure Pbar. The flow is calculated for each layer using the rheological model, assuming an incompressible planar extensional flow field, as shown in Figure 2; each layer contracts in the z direction and extends in either the x or y direction, depending on which is the relevant direction of squeeze-out during the heat sealing operation. Rheological homogeneity within each layer is a computational expediency.  It requires slip boundary conditions between layers to accommodate differences in flow behavior, as illustrated in Figure 2. A no-slip or partial-slip condition would be more realistic, but it would couple the flow fields between layers and require spatial discretization of the momentum equation, significantly increasing the number of cDSM simulations and associated computational cost. Since the transport model is 1-D with slip boundary conditions between layers and planar extensional flow assumed, squeeze out in x or y directions is modeled equivalently; the complex geometry of the triple point is not modeled explicitly. Consequently, the fractional flow volume calculated here should be regarded as a proxy for the amount of molten material made available to fill such features, rather than as a direct geometric simulation of triple-point closure. The main reason for this simplification is computational. Because cDSM calculations are numerically intensive, we employ a simplified, low resolution 1-D formulation at the continuum level so that we can focus on the effect of thermo-rheology and molecular architecture on material flow. Seal bars provide heat and apply pressure for a time interval called the dwell time, tdwell.  After the dwell time, the seal bars are removed, and the film is cooled by air convection. We also calculate the time evolution of variables during the cool-down stage to capture material recrystallization and weld formation. For this purpose, we use the same slip boundary conditions, but the applied pressure P is zero, and the deformed layers are allowed to recover some of their thickness due to elastic response.[image: A diagram of a bar  AI-generated content may be incorrect.]
[bookmark: _Ref204201513]Figure 2: Model representation of multilayer film during heat sealing. Slip boundary conditions between layers and incompressible planar flow fields are assumed. 


B. Heat transfer model
We start with a continuous heat transfer equation in one dimension. Crystallization/melting kinetics are introduced through the latent heat of fusion using

[bookmark: ZEqnNum656564]		
where  is the density of polymer resin, CP is the heat capacity, k is the thermal conductivity, Lheat is the latent heat of fusion, and  is the absolute or total crystallinity of the material.[image: ]
[bookmark: _Ref204200651]Figure 3: Domain and boundary conditions for heat transfer model.



We solve Eq.  in the domain occupied by the film.  The domain is symmetric, centered at , and has thickness ℎ as illustrated in Figure 3. We consider heat transfer during two stages of the heat sealing operation: heat-up and cool-down. During the heat-up stage, the heat is transferred to the film from the hot seal bars in contact with the film. During the cool-down stage, heat is transferred from the film to the environment by air convection. The domain of the film is split into layers consisting of different polymer resins. The thickness of each layer evolves independently in time, based on flow rates calculated by the rheology model. Taking advantage of symmetry, a solution in the half domain with the boundary condition

		
is equivalent to the full solution. The boundary condition for the outer edge of the film differs for each stage. The boundary condition for the heat-up stage is

[bookmark: ZEqnNum834071]		
where  hbar is the heat transfer coefficient for the polymer/metal interface. The boundary condition for the cool-down stage is 

[bookmark: ZEqnNum855521]	,	
where hair is a heat transfer coefficient for air convection, and Tair is air temperature. At the boundary between layers (at height h12), the heat flux is matched using

		
where subscript  corresponds to the toughness layer, and subscript 2 corresponds to the sealant layer. The heat transfer equation and boundary conditions can easily be extended to multilayer films. 
The thermal conductivities were assumed to be the same for all layers, ki = k, and the values of heat transfer coefficients (hair, hbar) were then found by comparison with the results of Morris[4]; see Appendix A for a detailed explanation. 
We discretize the thermal problem by breaking the domain of each layer into Nz intervals with a grid spacing of z. Ti and ij define the temperature  and crystallinity for each SCB population j defined at the end point of interval i. The common central difference scheme is used to approximate first and second derivatives. 
The discretized heat transfer equation for an interval i is

[bookmark: ZEqnNum241074]		


where , z is the thickness of the interval, and  is the total crystallinity for ith interval with j being the volume fraction of the SCB population j (c.f. Section 2.4  for explanation of SCB populations). Eq (3) for the boundary condition at the bar during the heating stage becomes

		



Then the value  is found that satisfies this boundary condition. Eq (2) for the boundary condition at the centerline and Eq (4) for the boundary condition with air during the cooling stage are treated similarly, allowing for the determination of  and  for all layers at all times.
C. Melting and crystallization kinetics
During the heat-up stage, the second term on the right hand side of the heat transfer equation Eq  corresponds to melting kinetics.  Following the work of Toda and coworkers[22], one can write

		
Where Rm is the melting rate and Tm is the melting temperature. Literature[4] on heat sealing of polymer films indicates that melting is limited by the rate of heat transfer. For such heating rates and the small crystallites typical of LLDPE, melting occurs predominantly over a relatively small range of superheating (T = T – Tm). Therefore, it is sufficient to assume a linear dependence on temperature in the melting kinetic equation. 
The melting temperature is set individually for each SCB population in the resin. Therefore, the melting kinetics equation can be discretized similarly to the heat-transfer equation in Eq  as   

[bookmark: ZEqnNum501719]		
where j is the index of a SCB population with a melting point of Tm,j.  Since each SCB population has its own Tm,j, crystallinity decreases progressively during heating.
During the cool-down stage, the second term on the right hand side of the heat transfer equation Eq  corresponds to crystallization kinetics. The crystallization of polymer materials is a slower process than melting; the rate-limiting factor is not heat transfer but nucleation of crystallites and diffusion of polymer segments required for growth. The Avrami equation[24–26] successfully captures the crystallization process. However, it applies only to isothermal crystallization. During heat sealing, polymers cool down as they crystallize, necessitating non-isothermal crystallization kinetics, described originally by Nakamura [23] and subsequently re-derived by Patel et al[27]. The Nakamura equation as rearranged by Patel et al[27]  is given by

[bookmark: ZEqnNum325147]	,	
where Tc is the crystallization temperature, K(T) is the temperature-dependent crystallization rate, and n is the Avrami exponent, which was set to 4 in accordance with Nicholson  et al.[9]  K(T) follows the form of the Lauritzen-Hoffmann[28] theory,

		



where U* = 6.27 kJ/mol[29] is the activation energy for segmental jump, , Tg is the glass transition temperature,  is the equilibrium melting temperature, andis the supercooling. K0 and C3 are the pre-factor and energy parameter, respectively, and can be fit using isothermal crystallization data at different temperatures. 
The crystallization kinetics equation is modified for SCB populations in Eq  similarly to the modifications in the melting equation, Eq :

[bookmark: ZEqnNum379210]		
i in the logarithm is the total crystallinity in interval i because  the growth of any subpopulation is dependent on the amorphous fraction after substracting the total crystallinity given by all subpopulations.  Lastly, we non-dimensionalize the discretized heat transfer and melting/ crystallization equations with variables defined as

		
where is dimensionless and bounded between 0 and 1. These definitions give the dimensionless equation for conservation of energy as

[bookmark: ZEqnNum462788]	,	

where,  is the crystallinity in interval i, with j being the volume fraction of the SCB population j . We solve the combined heat transfer and melting/crystallization kinetics numerically. The dimensionless energy conservation (Eq ) and melting/crystallization (Eqs  and ) equations are combined into the first-order ordinary differential equations with  as the single independent variable and i and ij as dependent variables. It is solved using the implicit Runge-Kutta method of the Radau IIA family [30] of order 5 implemented in integrate.solve_ivp method of SciPy library[31].
D. Rheological description – the cDSM

The discrete slip-link model (DSM) is a computational stochastic model for the dynamics of entangled polymers[10,32]. It simulates an ensemble of reference chains, modeled as random walks of chain segments constrained by entanglements with other chains, called slip-links. Figure 4(a) illustrates the model representation of the polymer chain. The mechanical stress of the chain is given by  and is derived from the inverse Langevin equation[33]. Chain segments can slide through slip-links, while slip-links move affinely with the external deformation field. The sliding motion of chain segments has a timescale K, that depends strongly on temperature. The dynamics of chain segments driven by thermal fluctuations result in the continual destruction and renewal of entanglements, sometimes referred to as reptation. Displacement of slip-links by the external flow field results in stress growth followed by disentanglement and stress relaxation, allowing the DSM to capture the viscoelastic response to flow of entangled polymers. More information on the model can be found in the literature[33–35]. In this work, we take advantage of the model’s ability to capture the rheology of disperse, partially crystallized polymers, specifically LLDPEs[8].
The ensemble of reference chains used in DSM can comprise polymer chains of different lengths; it captures the effects of entanglements between polymers of different lengths via constraint dynamics. Commercial polymers having broadly disperse molecular weights can be modeled by discretizing the MWD into a finite set of modes, with each mode defined by a molecular weight and volume fraction. For reasons of computational cost, the number of modes should be small but sufficient to provide a good representation of the original polymer.  In this work, the chains are coarse-grained so that there are 2M/Me segments in a chain of molar mass M.  Additionally, chains in the high molecular weight tail of the distribution are small in volume fraction but experience the largest number of entanglements and the highest computational cost. It is expedient to truncate the high-molecular-weight tail of the distribution, but doing so must be balanced against the sensitivity of the polymer to the imposed deformation rate.[image: ]
[bookmark: _Ref210249943]Figure 4: a) slip-link chain configurations: here, i indexes the slip-links in the chain,  is the number of chain segments between the ith and (i–1)th slip-links;  is the position of slip-link i in real space;  is the slip-link connector vector. b) schematic of the slip-link model for partially crystallized polymer melts
 

To capture the rheology of partially crystallized polymers, illustrated in Figure 4(b), permanent constraints on chain motion (i.e. cross-links)  are introduced to the chains in the ensemble, as described previously [7,8].   Although such physical cross-links may be introduced anywhere in the chain, for simplicity we have introduced them only at one end of a chain (resulting in a “dangling chain”) or at both ends (resulting in a “bridging chain”). Including these constrained chain types is sufficient to capture the observed increase in relaxation time with crystallinity. The number of physical cross-links is a function of crystallinity and controlled by setting the volume fractions of bridging and dangling chains, D() and B(), respectively. The fraction of free chains, F(),  is correspondingly reduced, such that FD + B = 1.  In addition to cross-links, a multiplicative factor  Gsh for mechanical modulus or stress is introduced. The Gsh() accounts for the modulus of solid crystallites, by analogy to suspension models[7]. The fractions D(), B(), and Gsh() are obtained by fitting cDSM response to rheological data at varying levels of crystallinity as discussed in Resin Characterization (Section 3.3) and Appendix E.

In summary, a variation of DSM capable of representing partically crystallized melts, henceforth referred to as “crystallizable DSM” (cDSM), was parametrized for HDPE and LLDPE resins, representing each of them as a set of molecular weight modes with three chain types (free, dangling and bridging).  In general, this model takes into account temperature T and crystallinity , and calculates the stress tensor (t) in response to deformation . For this work, we implemented two additional modifications to the model, as described next.
E. Nonisothermal, non-steady state, pressure-controlled slip-link calculations
The slip-link model is naturally formulated for simulations in which flow or strain rate is the control variable. It is easy then to simulate deformation of polymer chains and observe stress response. This approach has been used in all previous work with DSM. However, in the heat sealing process, the pressure applied by the seal bars is controlled, while the flow rate depends on the material, its temperature, and its state (solid or molten). Therefore, we inverted the DSM’s stress-strain relation using a proportional-integral (PI) controller for the stress,      

[bookmark: MTBlankEqn][bookmark: ZEqnNum505690]	,	


where e(t) = 0 – (t) is the difference between the current and setpoint stresses,  is flow rate, 0 is the steady-state shear viscosity of completely molten resin in the limit of zero shear rate,  is the steady state melt flow rate, and p and I are adjustable parameters. The stress controller is applied to zz since it corresponds to the compression axis of the seal bars.
During the heat seal simulation, which is nonisothermal and non-steady state, the temperature T and crystallinity  are updated at a certain time interval t. Flow rate updates are required from the pressure-controlled cDSM at the same interval. However, according to Time-Temperature Superposition (TTS)[36] the DSM timescale K depends strongly on T:

[bookmark: ZEqnNum815791]	,	
where Ea is the activation energy and A0 is the fitted prefactor.  The effective update time interval for DSM ist/K, which is a function of temperature and changes even when t is constant. Accounting for these limitations of implementation, the stress controller with discretized and variable time intervals becomes

[bookmark: ZEqnNum265354]	,	
where tj are the prior time intervals, and ti is the current time interval. The discretized time intervals were set to have a minimum of 5K to reduce controller noise. The stress controller with discretized and variable time intervals is compatible with the DSM code and suitable for calculations with evolving temperature and pressure. It has two parameters, p and I, which determine the strength of the proportional and integral parts of the controller. Eq  makes it clear that I has units of time, while p has units of stress.  Values of p = 4 (RT/Me) and I = 500 K were found to be optimal for this study, as described in Appendix B. These values are numerical features of the control scheme and do not directly correspond to any process-level time scales.
F. Speed up of stress calculation for polydisperse polymers



The dynamics of a polymer chain depend strongly on its molecular weight; long chains relax more  slowly than short chains of the same type. Specifically, the longest relaxation time of entangled polymers, measured in equilibrium, scales proportionally to molecular weight as . Therefore, for a given flow rate  in shear or extension, the Weissenberg number, experienced by long chains is larger than that experienced by short chains.  For situations where the Weissenberg number Wi > 1, the polymer chains cannot relax on the time scale of flow and are thus stretched and oriented by the flow. On the other hand, for situations where Wi < 1, the polymer chains re-equilibrate on the time scale of flow, and their response is well-approximated using Linear Viscoelasticity (LVE) theory for free, bridging, and dangling chains. The discretization of molecular weight into modes allows us to distinguish polymer chains with different relaxation times. We can thus take advantage of the LVE approximation to speed up the DSM simulations by employing the LVE approximation for those modes for which Wi < 1. 
To use LVE, we  calculate stress from flow history using the Boltzmann integral:

[bookmark: ZEqnNum487796]		



where  is the deformation rate tensor at time t, and  is the relaxation modulus. The above equation is made dimensionless by dividing time by K and stress by RT/Me. Since the flow rate  is updated at discrete time intervals, with a minimum of 5K as described above, we can approximate Eq.  as follows:

[bookmark: ZEqnNum384358]	,	

wheret = 10K (i.e. twice the minimum stress controller interval), ti is current time, , and N is the index of current time t. The integrals can be pre-calculated, and a simple summation can be used:

[bookmark: ZEqnNum811772]	.	
The total stress for partially crystalline material can now be expressed as

[bookmark: ZEqnNum166862]	


where  are pre-calculated integrals of relaxation modulus of either free, bridging or dangling chains  A = {F,B,D} for molecular weight mode m, NLVE is the number of low molecular weight modes for which the contribution to stress is approximated by LVE theory, and SL,m is the stress contribution calculated for the high molecular weight modes using the full cDSM model calculation. The cDSM model updates its chain populations with fractions of free, bridging, and dangling chains and takes the strain rate tensor for the last time interval  The cDSM stress depends explicitly only on strain rate for the previous time interval, although the internal chain conformations depend on the entire history of strain rates. Evaluation of the total stress equation is further sped up by summing pre-calculated integrals for the NLVE molecular weight modes using

[bookmark: ZEqnNum517445]	
where


		.
In deriving Eq. (22), we have assumed that the chain fractions A(,t) are the same for all molecular weight modes at time t.  NLVE was set differently for each resin in this study, and the condition that Wi < 1 for all modes m < NLVE was confirmed a posteriori.

G. Summary of model implementation

Figure 5 shows the entire modelling workflow during heat-up for a bilayer film comprising sealant and toughness layers, with some details on implementation and information flow within the model. Workflow during cool-down is implemented similarly.  The software is supplied with material parameters as described in the next section. Both heat-up and cool-down stages were simulated. At each time point, we update temperature and crystallinity within each layer using the heat transport solver, and this information is then passed to the cDSM model (Flow solver) to update the stress and strain rate in each layer.  From the strain rate , the thickness of each film layer is updated using, 

[bookmark: ZEqnNum728479]		
where h(t) is the thickness of the layer at time t and h0 is the initial thickness of the layer.  Since hermeticity is thought to be correlated with fractional flow volume, or “squeeze-out”, this quantity is computed using 

[bookmark: ZEqnNum500140]	.	
[image: ]
[bookmark: _Ref204202287]Figure 5: Diagram of the thermo-rheological heat sealing model, illustrating information flow within the model for a bilayer film. The red boxes represent the outer or toughness layer that is in contact with the seal bar and blue boxes represent the inner or sealant layer. The equations and symbols in each box summarize the model used and the arrows represent information flow. The equations are the same for layer 1 and layer 2 and thus not repeated for layer 1 in this figure.
 

III. Resin characterization
A. Molecular weight distribution
[bookmark: _Hlk210250596]We evaluated the model using three commercial polyethlene resins provided by Dow.  Two of these resins are linear low density polyethylenes, designated LLDPE E and LLDPE F, which are representative of sealant layers in multilayer polyethylene films.  Both are copolymers of ethylene and octene, resulting in short hexyl branches along the chain; the number of short chain branches (SCB) per 1000 backbone carbon atoms is shown in  Table 1.  The third resin is a high density polyethylene, designated HDPE G, which is representative of the toughness layer. These resins were characterized in the same manner as two other Dow resins reported in our earlier work on partially crystallized LLDPEs[8]. Their molecular weight averages are summarized in Table 1.  Figure 6a shows their molar mass distributions, as determined by GPC (GPC-IR, Polymer Char)[37], and Figure 6b shows SCBD as discussed in Section 3.2.
[bookmark: _Ref206320948]Table I: Molecular weight averages for polyethylene resins used in this work
Resin
Number average molecular weight, Mn
(kDa)
Weight average molecular weight, Mw
(kDa)
Dispersity, Đ = Mw/Mn
SCB/ 1000 C
Entanglement molecular weight, Me (kDa)*
K*
(s)
LLDPE E
40.7
87.2
2.1
19.6
1.1
1.3×10-5
LLDPE F
29.6
71.1
2.4
20.8
1.5
4.0×10-5
HDPE G
24.0
106.2
4.4
-
1.2
3.0×10-6
* parameters found by fitting the slip-link model to melt data


[image: ]
[bookmark: _Ref202279579]Figure 6:  a) Molecular weight distributions and b) elution temperature distributions for resins LLDPE E, LLDPE F, and HDPE G modeled in this work. Markers are placed evenly for better visualization.



The ensemble of chains simulated in the cDSM was generated by discretizing the MWD evenly on a logarithmic scale, binning the experimental distribution, and renormalizing the volume fractions; the results of this process are presented in Figure 7. The molecular weights leading to fewer than 3 entanglements per chain were not considered because they are too short to contribute to the stress in the system. Meanwhile, the largest molecular weights are computationally expensive to simulate, but they also have very small volume fractions. For these reasons, molecular weights leading to greater than 200 entanglements were not considered. As demonstrated in Appendix E, this truncation does not compromise the description of the available rheological data.  The total volume fraction of these modes was less than 5% in each case. Only the molecular weight modes actually considered in this study are shown in Figure 7. Among the molecular weight modes simulated, the lower molecular weight modes follow LVE theory and thus, were simulated using LVE and not DSM as described in the Methods. The  was set to 6 for LLDPE E, 8 for LLDPE F, and 8 for HDPE G.[image: ]
[bookmark: _Ref198112176]Figure 7:  Discretized and experimental molecular weight distributions for a) LLDPE E, b) LLDPE F, and c) HDPE G. 


B. Crystallization and thermal properties 
Figure 6(b) shows SCB distributions as characterized by ICCD[38,39], a variant of crystallization elution fractionation.   SCB is thought to be the main factor that determines the elution temperature Tel of a fraction of material by this technique.  From the distribution of elution temperatures, we calculated a distribution of melting point temperatures, Tm, corresponding to different SCB populations, using Flory’s copolymer theory[40] and experimental data from Alamo and Mandelkern[41]. The distributions of Tel and Tm are qualitatively similar, but Tm is shifted to higher temperatures.  Details on determination of the Tm distribution are provided in Appendix C.  For purposes of the heat seal model, the melting point distribution was discretized into subpopulations. The number of subpopulations, minimum and maximum Tm are reported in Table 2. The crystallization kinetics were calculated using Nakamura’s equation; Appendix D shows the fitting of parameters to crystallization data. Table 2 reports the parameters for all three resins.
[bookmark: _Ref205913028]Table II: Melting and crystallization properties of resins in this study
Resin
Number of discrete subpopulations of Tm distribution
Tm,low
(°C)
Tm,high
(°C)
ln(K0)
C3 
(s-1)
Maximum absolute crystallinity ()a
LLDPE E
12
72
118
36.521
7.22×105
0.119
LLDPE F
12
72
118
37.584
7.53×105
0.148
HDPE G
8
115
132
20.566
1.66×105
0.549
a Measured by rheo-Raman technique (c.f. Section 3.3)


Other properties of polyethylene required by the energy balance presented in Eq  were assumed to be the same for all three resins.  These values are the activation energy for segmental jumps (U* = 6.27 kJ/mol)[29], glass transition temperature (Tg = –40 °C ),  heat capacity (Cp = 2.51 kJ/kg/K), thermal conductivity (k = 0.26 W/m/K)[45], and latent heat of fusion (Lheat = 290 kJ/kg)[42].  We found that any melting rate Rm > 5000 s-1 results in the same crystallinity evolution (i.e. that melting is rate-limited by heat transfer, not melting kinetics), which agrees with the results of Morris (c.f. Appendix A). Therefore, we set Rm = 5000 s-1.
C. Rheological parameters
Complex moduli for the several resins where characterized by rheo-Raman microscopy, as reported previously[8].  Briefly, small amplitude oscillatory shear (SAOS) experiments were performed using a parallel plate,  stress-controlled rheometer (MARS III, Thermo Fisher), with frequency sweeps in the range of 1 to 100 rad/s.  After preparing the samples at 165 °C, they were cooled to Tc = 95 °C, 95 °C, and 128 °C for LLDPE E, LLDPE F and HDPE G, respectively, and crystallized isothermally.  Crystallinity was measured using a Raman spectrometer (DXR, Thermo Fisher) focused on the sample during SAOS measurement, from the integrated intensity of the CH2 bend peak near 1418 cm-1, normalized by the integrated intensity of the CH2 twist peaks at 1295-1300 cm-1.  Detailed results of these experiments are provided in Appendix E. The maximum crystallinities measured by this technique for all three resins are reported in Table 2.  First, the core DSM parameters (Me, K) were found by fitting the G* data at short times (~150 s), where crystallinity is negligible; these values are also shown in Table 1.  Next, the chain fractions B(), D(), F(), and the modulus shift factor Gsh() were obtained empirically by fitting to the rheo-Raman data at several time points as the polymer crystallizes in the rheometer; this procedure is described in more detail elsewhere[7,43].  Figure 8 shows the results for B(), D() and Gsh() as functions of crystallinity for the three resins used in this work; linear interpolation was used to estimate values of these functions at intermediate crystallinities. Of particular note, HDPE G crystallizes to nearly 50%, whereas the two LLDPEs exibit maximum crystallinities of about 15%.  Gsh() increases monotonically for all three resins, but at a rate dGsh()/d about three times greater for HDPE G than for LLDPE E and LLDPE F.  B() also increases monotonically for all three resins, but ultimately reaches values about 50% higher in LLDPE E and LLDPE F, compared to HDPE G.  The behavior of D() differs qualitatively between the two types of resins. For both LLDPE E and LLDPE F, D() reaches a plateau value of 0.1 around 3% to 5% crystallinity, and then drops precipitously to 0 at 10% crystallinity. This behavior suggests that, within these LLDPEs, dangling chains are converted into bridging chains as crystallization progresses. By contrast, in HDPE G D() plateaus around 0.4 at 30% crystallinity and remains at this high value for the remainder of the experiment; this behavior suggests that bridging chains form at the expense of free chains in HDPE G, rather than dangling chains. A similar pattern for D() was observed in our earlier work[8], where LLDPE A exhibited behavior reminiscent of the sealant resins, LLDPE E and LLDPE F, while LLDPE B exhibited behavior reminiscent of the toughness resin, HDPE G.  However, in contrast to LLDPE B, which exhibited only a small HDPE-like fraction, HDPE G crystallizes to a much greater extent, and both B() and D() eventually level off at high crystallinity. With these parametrizations, cDSM is used to model the rheology of these resins in the heat seal process without further adjustment. 
[image: ]


[bookmark: _Ref209630078]Figure 8:  Chain fractions  and  as functions of crystallinity for a) LLDPE E b) LLDPE F and c) HDPE G 



D. Experiments on multilayer films 
To test the model, two multilayer films were fabricated and the hermeticity, or airtightness, of their seals measured for different operating conditions. Each film comprised five layers, including the sealant layer, coextruded on a blown film line.  This multilayer film was then laminated to a sixth layer, for a total thickness of 5 mil (0.127 mm), as shown in Figure 9. The two films differed only in the selection of LLDPE E or LLDPE F for the sealant layer. The films were converted into standard pillow pouches using a Mespack H180 FE Horizontal Form Fill and Seal (HFFS) packaging machine and a seal bar pressure of 275 kPa.  Pouches were fabricated using three different seal bar temperatures (100 °C, 110 °C, and 115 °C) and three different production rates (30 bpm, 40 bpm, and 50 bpm, or bags per minute). At these production rates, dwell times of 472 ms, 354 ms, and 283 ms, respectively, were used.  Hermeticity of the pouches were measured using ASTM D3078 – 02(2021)e1 (Standard Test Method for Determination of Leaks in Flexible Packaging by Bubble Emission, also known as the “fish-tank test”). Ten to twelve pouches were tested for each temperature and production rate, and the percentage of pouches passing the test was determined.  The results of this test are shown in Table 3.[bookmark: _Ref206320618]Table III: Percentage of bags passing hermeticity test for each of the heat sealing processing conditions tested: a) multilayer film with LLDPE E sealant layer and b) multilayer film with LLDPE F sealant layer
LLDPE E sealant layer
Dwell Time (tdwell) (ms)

283
354
472
Tbar (°C)
115 
0%
100%
100%

110 
0%
0%
0%

100 
0%
0%
0%

LLDPE F sealant layer
Dwell Time (tdwell) (ms)

283
354
472
Tbar (°C)
115 
100%
100%
100%

110 
0%
80%
100%

100 
0%
0%
0%


[image: ]
[bookmark: _Ref209630906]Figure 9: Structure of the multilayer films modeled in this work. The sealant layer is blue and the toughness layers are red.  The coextruded layers are all shown in solid colors, while the laminated layer is shown with a slanted pattern. 


V. Results
A. Simulation set-up
As shown in Figure 9, 25% (1.25 mil) of the multilayer films used for hermeticity testing consisted of the sealant layer, LLDPE E or LLDPE F.  The remaining 75% (3.75 mil) of the film, comprising four layers of predominantly HDPE G content and one thin layer of a third resin similar to HDPE G, was approximated as a single layer of HDPE G for modeling purposes.    That is, the multilayer film was approximated as a bilayer with the toughness layer (HDPE G) of thickness 3.75 mil (0.0952 mm) and the sealant layer (LLDPE E or LLDPE F) of thickness 1.25 mil (0.0318 mm). For the boundary conditions in Eqs  and , the heat transfer coefficient for the polymer/metal interface was hbar = 3600 W/m2/K (during heat-up), the heat transfer coefficient for air convection was hair = 80 W/m2/K (during cool-down), and the ambient air temperature was Tair = 300 K. The values of hbar and hair were found by matching results from Morris[4] as described in Appendix A. 
For the heat-up stage, the initial conditions of the bilayer film were T = 300 K throughout the domain and  = max, the maximum crystallinity for the corresponding resin within each layer. The operating parameter Pbar was set to 275 kPa, in accordance with the experiments, Tbar was varied over nine different temperatures spanning the experiments (97.5 °C, 100 °C, 102.5 °C, 105 °C, 107.5 °C, 110 °C, 112.5 °C, 115 °C, and 117.5 °C), and tdwell was set to 0.5 s, from which the results for flow volume Vf at shorter dwell times could be extracted during the simulation for comparison to the hermeticity results. 
As an illustrative example of the cool-down stage, initial conditions were taken from the end of the heat-up stage at tdwell = 0.5 s.  The bilayer films cooled down under convection of ambient air at 300 K and zero applied pressure for 4 s. Since the cooled material is not expected to flow and in order to avoid stress-controller noise, the strain rate was set to zero after 1 s of simulation. The results below confirm that the strain rate does go to zero by 1 s. 
B. Heat-up stage
As an illustrative example, Figure 10 shows the results of the heat seal model during the heat-up stage at Tbar = 110 °C. In Figure 10(a), the temperature of the outer HDPE G layer is always slightly higher than the inner LLDPE F layer due to thermal transport, but both layers ultimately reach the bar temperature within 0.5 s. Over this temperature range, LLDPE F melts completely, whereas HDPE G does not melt at all, as shown by the relative crystallinity plot in Figure 10(b); here, relative crystallinity (rel) refers to the actual crystallinity normalized by the maximum crystallinity for that resin (c.f. Table 2).  This behavior is in accordance with the melting point distributions of these materials presented in Appendix C. In principle, the rate of melting observed in the LLDPE F layer could be a function of either the melting kinetics (Eq (7)) or the rate of heat transfer into that layer (Eq (1)); as mentioned earlier, in the heat sealing process heat transfer is the rate-limiting effect, and the value of Rm was specified accordingly.  A second illustrative example in which Tbar = 130 °C and both layers undergo some degree of melting and flow is shown in Appendix F.  Figure 10(c) shows the strain rate in each layer, while Figure 10(d) shows fractional flow volume (from strain rate using Eqs  and ), respectively, of each layer. The LLDPE F layer begins to flow significantly already at 0.05 s.  By 0.5 s,  the LLDPE F has a fractional flow volume is 79.1%. At Tbar = 110 °C, the contribution to flow volume from the HDPE G layer is negligible. 
[image: ]
[bookmark: _Ref198112506]Figure 10: Evolution in time of several important quantities for a bilayer film of LLDPE F (sealant layer) and HDPE G (toughness layer) during the heat-up stage of the heat-seal process at Tbar=110 °C. Quantities for the LLDPE F layer are shown in blue, and those for the HDPE G layer are shown in red. a) temperature, b) relative crystallinity, c) strain rate, d) fractional flow volume (%)

For comparison to the results for hermeticity, profiles like those shown in Figure 10 were calculated at different bar temperatures for dwell times up to 0.5 s; Figure 11 shows the results for relative crystallinity (Figure 11(a, c)) and flow volume (Figure 11 (b, d)) contributed by LLDPE E and LLDPE F, respectively, as the sealant layer; over the range of temperatures and dwell times examined in the experiments; the HDPE G layer does not change crystallinity or contribute to flow volume.  The experimental data for hermeticity reported in Table 3 is overlaid with the simulation results. Comparison of the contour lines for simulated fractional flow volume in Figure 11 (b, d) with the experiments suggests that the correlation between flow volume and hermeticity is approximately correct. The successful seals lie above approximately 30%-40% fractional flow volume for both bilayer films studied here; a single outlier for LLDPE E at Tbar = 110 °C and tdwell = 0.472 s is observed. By contrast, the level of crystallinity in the sealant layer at the end of the heat-up stage does not correlate well with hermeticity for the two bilayers. From Figure 6 and Appendix C, the major differences between LLDPE E and LLDPE F are that the MWD for LLDPE F is shifted towards lower molecular weight and the melting point distribution has a longer tail at low Tm.  These differences combine to promote relatively larger flow volumes for LLDPE F compared to LLDPE E under equivalent operating conditions.  The observation of 100% hermetic seals at lower Tbar and shorter tdwell using LLDPE F as the sealant layer is a direct result of this trend in flow volume. 
[image: ]
[bookmark: _Ref210250172]Figure 11: Relative crystallinity (a,c)  and flow volume (b,d) in the sealant layer from simulations of a bilayer film comprising 75% HDPE G (toughness layer) and 25% LLDPE E (a, b) or LLDPE F (c,d) (sealant layer) during the heat-up stage. Contours are plotted from 10% to 90% in increments of 10%.  The black and white points are the experimental data from Table 3. White points show operating conditions for which 100% of the seals were hermetic, black points show operating conditions for which 0% of the seals were hermetic, and the partially filled point shows the operating condition at which 80% of the seals were hermetic.

C. Cool-down Stage
Finally, for completeness, we report results for recrystallization of the sealant layer during the cool-down stage of the heat sealing process.  Figure 12 shows results for an illustrative example of the cool-down stage with the bilayer film of HDPE G and LLDPE F, initiated immediately after a heat-up stage using Tbar = 110 °C and tdwell = 0.5 s. Figure 12(a) shows the decrease in temperature of both LLDPE F and HDPE G layers, which fall on top of each other due to the slow rate of cooling afforded by the air convection conditions. Recrystallization of the LLDPE F layer, shown in Figure 12 (b), occurs between 1.5 s and 2.5 s. These recrystallization times are longer than the ~0.5 s required to melt the resins and thus can dominate production rate. Faster cooling, manifested by either a lower Tair or larger hair, would serve to shift recrystallization to shorter times; this effect is not explored in detail here. Figure 12(c) shows the flow rate of these layers during cool-down. Interestingly, the LLDPE F layer exhibits strain recovery at short time (t < 0.25 s), indicative of an elastic rebound in response to residual stresses in the layer induced during heat-up and flow.  Acceleration of recrystallization to this time scale would be required before effects of flow-induced crystallization (FIC) are likely to become important.  
[image: ]
[bookmark: _Ref210250232]Figure 12: Evolution in time of several important quantities for a bilayer film of LLDPE F (sealant layer) and HDPE G (toughness layer) during the cool-down stage of the heat-seal process after application of seal at 110 °C for 0.5 s. Quantities for the LLDPE F layer are shown in blue, and those for the HDPE G layer are shown in red. a) Temperature, b) relative crystallinity, and c) strain rate 

D. Welding across the Seal
Hot tack arises from the diffusion and re-entanglement of polymer strands across the interface between the two sealant layers after they are brought into contact, resulting in a load-bearing weld.  To characterize the development of this weld, we examine the re-entanglement dynamics during heat-up and cool-down stages. Following the analysis of Ethier et al. [44], we track the fraction of newly formed entanglements in the sealant layer, fQ,new, after the application of the hot bars. This fraction is calculated for each molecular weight mode simulated using DSM, and the total fraction of newly formed entanglements is evaluated as the sum of contributions from each mode, weighted according to their volume fractions.  This fraction is initially zero and saturates at fQ,new = 1 after sufficiently long time in the fully molten state, where entanglements are lost and reformed indefinitely [42].  To characterize welding,  Ethier et al then assumed that half of the new entanglements are formed across the interface, resulting in a contribution to the weld.  For the heat sealing process, Figure 13 shows the evolution of fQ,new in the LLDPE F layer for two bar temperatures with a dwell time of 0.5 s during heat-up, and for one bar temperature with a dwell time of 0.25 s. This treatment is followed by cool-down for a total time of 1.5 s, beyond which changes in fQ,new are small.  In the cases where tdwell = 0.5 s, fQ,new is nearly saturated during heat-up, resulting in little additional welding during the cool-down stage; in this case, cool-down serves only to recrystallize and fix the weld between layers.  The higher bar temperature leads not only to faster reentanglement but also to a slightly higher fraction of new entanglements, probably due to the faster dynamics of polymer chains at high temperature. By contrast, in the case where tdwell = 0.25 s, fQ,new does not saturate during heat-up but continues to evolve during the cool-down stage, eventually plateauing around fQ,new = 0.8 when recrystallization occurs; in this case, recrystallization again fixes the weld but may ultimately limit the strength of the weld as well.  [image: ]
[bookmark: _Ref210250298]Figure 13: Evolution in time of fQ,new for 2 different bar temperatures and 2 dwell times for LLDPE F in the G-F bilayer simulation. The black vertical lines at t = 0.5s, and 0.25s mark the transition from heat-up to cool-down. 

VI. Conclusions
In this work, we present a fully coupled thermo-rheological model of the heat sealing process for multilayer films, including both heat-up and cool-down stages.  The crystallizable discrete slip-link model (cDSM) is employed to describe the rheology of each resin as a function of its MWD and degree of crystallinity.  A distribution of melting points is employed to represent the effects of SCB distribution, which allows for partially molten layers. Both of these distributions are characterized experimentally for the resins used in this work. As a result, the dependence of the process on these molecular-scale details of chain architecture can be illuminated. Importantly, the model highlights how differences in molecular architecture between resins influence melting and flow behavior under equivalent operating conditions, resulting in different levels of hermeticity. Additionally, the rentanglement behavior extracted from cDSM can be used as a proxy of the weld-quality of the heat-seal. The model is demonstrated by application to industrially fabricated multilayer films composed entirely of polyethylene resins.  The flow volume is shown to correlate with experimental data on hermeticity for seals formed in these multilayer films. Such detailed insights are only made possible through the use of molecularly informed models for the rheology and thermodynamics of disperse, industrially relevant polymer resins.  Such models are valuable for guiding the design and selection of resins for heat sealing applications.  We expect they could prove useful for a more detailed understanding of many other processes involving crystallizing polymers, as well.  
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Appendix A: Determination of thermal properties from Morris[4]
[image: ]
[bookmark: _Ref211105652]Figure 14: Temperature profile of Morris[4]. Several parameters of Heat-transfer solver were found by fitting the profile. Also shown evolution of crystallinity in the film.


In his seminal paper, Morris[4] used the finite difference method to solve for heat conduction during the heat sealing operation. The model features heat of fusion and the same boundary conditions as those used here, which makes his results highly relevant for the current work. Unfortunately, the model and its parameters are not well described. Therefore, we reproduced Morris’s result, using our heat transfer model to extract parameter values. Specifically, our goal was to extract values of the heat transfer coefficient for the polymer/metal interface (hbar), heat transfer coefficient for air convection (hair,), and melting rate (Rm). Generally, parameters were varied until a match was achieved between our calculation and Morris’s result. The matching curves are presented in Figure 14. The task is simplified, since the different parameters control different parts of the curve, and it is possible to find them independently. hbar controls the slope of the temperature curve during the early heating stage. Once the material starts to melt, the transferred heat remains constant; however, the temperature stops increasing since the melting process consumes the heat. We found that for melting rates Rm > 5000 s-1, the melting is limited by the supplied heat. Simultaneously, these fast melting rates give the best agreement with Morris’s result. Therefore, any melting rate Rm > 5000 s-1 can be used for our model. Finally, hair controls the slope of the temperature curve during the early cooling stage. The parameter values found from the fit are considered representative of a typical heat sealing operation and are listed below:
· hair = 80 W/m2/K
· hbar = 3600 W/m2/K
· Rm = 5000 s-1

Appendix B: Stress controller parameters
The optimal values for the stress controller parameters were found iteratively, as illustrated in Figure 15. Large values of the parameters result in poor stress control, such that stress does not converge to the setpoint in a reasonable time. Small values of  produce excessive fluctuations in the flow rate, which are undesirable and can destabilize the calculation. Small values of p tend to produce an overshoot in the initial part of the calculation. We choose p = 4 (RT/Me) and I = 500 K  as optimal for all resins in this study.[image: ]
[bookmark: _Ref211105669]Figure 15: Pressure control for slip-link flow simulation for different controller parameters for LLDPE F. a) Stress in the layer; black curve represents the set-point, and b) strain rate for the same conditions


Appendix C: Determination of melting point temperature from comonomer fraction
Flory’s theory for crystallization of random copolymers[40] gives the following expression for melting point depression as a function of uncrystallizable comonomer fraction:

		(C1)


is the melting temperature of pure crystallizable homopolymer and Hu is its enthalpy of fusion per repeating unit. XA is the mole fraction of crystallizable units on the backbone of the chain. Alamo and Mandelkern[41] used this model to correlate experimental melting points with ethylene mole fraction for several ethylene-octene and ethylene-hexene copolymers. The molecular weights of their samples were close to the molecular weights of resins used in this work. From Fig.1 of their work, one obtains values of  = 400 K, and Hu = 1004.4 J/mol. 
In order to estimate the comonomer content of the resins, we use the elution temperature distributions reported in Figure 6(b) of the main text. For the LLDPEs used in this work, the elution temperature (in °C) of a material fraction and its comonomer volume fraction are related empirically by Eq (C2) [45].

		(C2)
The LLDPEs used in this work are composed primarily of ethylene and octene.  The volume fraction of octene comonomer (co) is converted to mole fraction (Xco) by assuming that each CH2 or CH3 unit contributes equally to volume:

		(C3)
Each octene comonomer contributes two carbons on the backbone of the chain, one of which is the branching point and, thus, uncrystallizable. Hence, we can write Eq (C4). 

		(C4)
Notice that this result is independent of the comonomer type and depends only on its mole fraction. Using Eq. C1 and Eq. C4, we obtain the melting point distribution for the resins used in this work, shown in Figure 16.

[image: ]
[bookmark: _Ref211105699]Figure 16: Melting point distributions of resins used in this work calculated using Flory’s theory for crystallization of random copolymers




Appendix D: Determination of crystallization parameters for the Nakamura equation
Differential Scanning Calorimetry (DSC)
DSC measurements were performed using a TA Instruments Discovery 2500 (serial number: DSC2A-00252) equipped with an autosampler and a RCS90 chiller. Polyethylene pellets were melt-pressed into plaques at 150 °C using a Carver Press. Small discs (diameter = 4 mm) were punched from the plaque for each sample and placed on Tzero Aluminum pans (Waters/TA Instruments P/N 901683.901) with a lid. The DSC cell was purged with nitrogen at a flow rate of 50 mL/min during the measurements.
Samples were heated to 185 °C, cooled to –80 °C, and then re-heated to 185 °C at a rate of 10 °C/min. After heat-cool-heat cycles were collected, isothermal crystallization kinetics data were collected. Samples were heated to 190 °C and held isothermally for 5 min, and then cooled at 50 °C/min to the isothermal temperature of interest. The sample was held at the isothermal temperature of interest for 1, 2, 4, 6, 8, or 12 hrs depending on the temperature and the sample to ensure crystallization was complete. Then, the sample was re-melted at 190 °C for 5 min and re-cooled to the next isothermal temperature of interest. This thermal cycle was repeated until all the isothermal crystallization kinetics data was collected. Data was analyzed using TA’s TRIOS software (version 5.8.0).
Cryo-Microtomy
A small section from each polyethylene plaque was cut and mounted into a microtome chuck. Samples (thickness = 5 μm) were sectioned at –90 °C with a Micro Star diamond knife using a Leica UC7:FC7 ultramicrotome. Sections were collected with a water drop on a loop and placed on a clean glass microscope slide.
Fast Scanning Calorimetry (FSC)
Fast scanning calorimetry was performed with a Mettler Toledo Flash DSC1 and a UFS-1 chip sensor. The sensor was thermally conditioned and then calibrated according to the manufacturer’s specifications prior to use. Following this procedure, the temperature correction for the sensor was determined using the method described in DIN SPEC 91127. Briefly, a small piece of indium reference material (44 µm/325 mesh particles of 99.995% indium from Fisher Scientific pressed at 1000 psi between PTFE sheets) was placed onto the reference side of a sensor that had been lightly coated with 50 cSt silicone 200 fluid. This sample was then cycled through heating rates ranging from 100 K/s -2000 K/s, and the melt onsets were collected. These onsets were plotted as shown in Figure 17 and fitted to a linear regression to determine the melting onset. 
Sections of microtomed polyethylene were cut into smaller pieces using a scalpel while working under the microscope. These samples were then placed onto the active area of the sample side of the sensor, previously lightly coated with 50 cSt silicone 200 fluid to ensure good thermal contact. Isothermal crystallization kinetics data was collected by initially heating to 197 °C at 1000 °C/s and holding isothermally for 0.2 seconds. Then, the sample was cooled at 2000 °C/s to the isothermal temperature of interest. This temperature was held isothermally for 2 seconds to allow the sample to crystallize. Next, the sample was cooled to –90 °C at 3000 °C/s, held isothermally for 0.2 seconds, and heated again to 197 °C at 1000 °C/s. This thermal cycle was repeated for the next isothermal temperature of interest until all isothermal crystallization kinetics data was collected.
[bookmark: _Ref211105720]Figure 17: Calibration plot for UFS-1 FSC chip generated by measuring the melt onset temperature of indium powder at different heating rates (R2 = 0.9937). The temperature offset was determined according to DIN SPEC 91127 and is equal to +12 °C.



The K0 and C3 parameters of the model are fitted to the isothermal crystallization data from DSC and FSC experiments as shown in Figure 18.[image: ]
[bookmark: _Ref211105740]Figure 18:  Nakamura fits to isothermal crystallization kinetics data from DSC and FSC for a) LLDPE E, b) LLDPE F, and c) HDPE G.


Appendix E: Rheo-Raman Microscopy Characterization of Polyethylene Resins 
Rheo-Raman microscopy[43,46] couples a rheometer with a Raman spectrometer for simultaneous measurements of dynamic modulus G* and crystallinity. In this work, small amplitude oscillatory shear (SAOS) experiments were performed using a parallel plate, stress-controlled rheometer (MARS III, Thermo Fisher), with frequency sweeps in the range of 1 rad/s to 100 rad/s.  After preparing the samples at 165 °C, they were cooled to Tc = 95 °C, 95 °C, and 128 °C for LLDPE E, F and G, respectively, and crystallized isothermally.  Crystallinity was measured using a Raman spectrometer focused on the sample during SAOS measurement, from the integrated intensity of the CH2 bend peak near 1418 cm-1, normalized by the integrated intensity of the CH2 twist peaks at 1295-1300 cm-1.   
Dynamic modulus data were measured at a set of frequencies i = {1, 1.78, 3.33, 5.62, 10, 17.78, 33.33, 56.23, 100} rad/s. The data for each frequency has form , where  is time since start of experiment, while crystallinity has form . Since times do not perfectly match between the data series, an interpolation was used to obtain series of curves . The crystallizable discrete slip-link model parameters  were fit to these curves as described in Andreev et al [8]. The curve fits for LLDPE E, LLDPE F and HDPE G are presented in Figure 19, Figure 20, and Figure 21 respectively.
[image: ]
[bookmark: _Ref211192575]Figure 19: Application of the cDSM model for evolution of dynamic modulus (G*) during crystallization of LLDPE E. G’ (open symbols) and G” (filled symbols) are experimental data at Tc = 95 °C for six different times of isothermal crystallization. The lines are cDSM calculations.


[image: ]
[bookmark: _Ref211192591]Figure 20: Application of the cDSM model for evolution of dynamic modulus (G*) during crystallization of LLDPE F. G’ (open symbols) and G” (filled symbols) are experimental data at Tc = 95 °C for six different times of isothermal crystallization. The lines are cDSM calculations.


[image: ]
[bookmark: _Ref211192593]Figure 21: Application of the cDSM model for evolution of dynamic modulus (G*) during crystallization of HDPE G. G’ (open symbols) and G” (filled symbols) are experimental data at Tc = 128 °C for six different times of isothermal crystallization. The lines are cDSM calculations.


Note on using BSW spectrum



While DSM computes the relaxation modulus directly, Boltmann integrals (Eqn. 18) and  dynamic modulus curves (Figure 19-21) are calculated from analytical fits of the BSW spectrum[47] to the numerical.   Since  of crystallized LLDPEs does not decay to zero, we modified the spectrum (specifically Eqn. 25 of [48]) by adding an elastic constant.

		(E1)
where  is between 0 and 1.

Appendix F: G-F bilayer single temperature results at 130 °C
The model is simulated at a bar temperature of 130 °C for the HDPE G/LLDPE F bilayer system. In comparison to the results for 110 °C presented in the main text, these results exhibit flow in both layers. At 130 °C, HDPE G begins to melt, as shown by reduction in crystallinity of this layer. The flow of HDPE G is clear in Figure 22(d), where it contributed to the total fractional flow volume of the bilayer film. Thus, one can get a contribution towards flow volume in a seal from all layers in the film depending on the process conditions. The presented model is able to capture and demonstrate such conditions.
[image: ]
[bookmark: _Ref227332986]Figure 22: a) Temperature, b) relative crystallinity, c) strain rate, d) % flow volume profiles for heating of a G-F bilayer film during a heat-seal process with a bar temperature of 130 °C
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