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The objective of this study was to systematically examine the effect of high‐pressure

processing and package headspace on package integrity and properties. Working

pressures were 400 and 600 MPa, and starting vessel temperatures were 30°C,

60°C, and 90°C. Coextruded and laminated multilayers packaging films were studied:

film A: (PA/EVOH/PP) and film B: (PET‐AlOx‐OC/PA6/PP), respectively. The films

were made into pouches (0.05 m × 0.10 m) and filled with 30‐mL water as a model

food. Various headspace volumes (0, 0.05, 0.10, 0.15, 0.20, 0.25, and 0.30‐cc

air/mL H2O) were introduced into the packaging before processing. Imaging was used

to quantify defects such as the formation of white spots on the package surface and

delamination of film layers. The results showed that the headspace level and process-

ing initial temperature had a greater effect than the operating pressure on visual

defects. The package with 0% headspace did not show any physical damage to the

tested films. Furthermore, thermal and mechanical analyses showed that the

coextruded film A had better resistance to testing conditions than the laminated

structure of film B. The X‐ray diffraction results showed that film B had more defects

than film A that altered the crystalline structure. Visual observation revealed white

spots and delamination in the inside layer (PP) in both films. The same processing

conditions affected the oxygen and water vapour transmission rates of film B more

than film A. This work provides a basic guideline to select the right headspace for a

given type of packaged food whenever heat and pressure are used simultaneously.
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1 | INTRODUCTION

The first part of a packaged food product that a consumer sees is the

packaging. If the package is even slightly damaged, consumers are less

likely to purchase the product. To ensure food safety and quality, man-

ufacturers do not release food products with damaged packaging to

the market. Therefore, packaging must be able to withstand food pro-

cessing operations and handling conditions and pass a rigorous inspec-

tion on package integrity before being released to the market. In high‐
wileyonlinelibrary.com
pressure processing (HPP), packaging must be able to transmit pres-

sure, resist water penetration, and survive process temperatures. Plas-

tic packaging is compatible with high‐pressure and high‐temperature

processes.

The HPP is gaining market share in Europe and the United States as

an alternative method to traditional thermal processing.1,2 High pres-

sure can improve the functional properties of foods by enhancing gel

formation and inactivating certain enzymes. The popularity of HPP

can be attributed to the high quality of food products that are produced
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with this technology. For example, HPP can inactivate the browning

enzyme polyphenoloxidase, extending the shelf life of guacamole.3-5

The high–pressure‐assisted thermal sterilization (PATS) of mashed

potatoes was accepted by the US Food and Drug Administration

(FDA) in 2009.1 However, one of the main challenges of PATS pro-

cessing is the nonreversible physical damage to the packaging mate-

rial,6 including delamination or white spots7 and/or changes in the

structural and barrier properties of multilayer films.8 This problem with

monolayer and multilayer films was first identified as high‐pressure

research grew in the late 1990s. Delamination between multilayers

and the loss of transparency in monolayer films was first documented

by Fradin et al, in 1998.7 Although this problem is yet to be fully

understood and solved,9-13 an early suggestion was to reduce head-

space and use a vacuum. Fradin and others7 studied slow decompres-

sion in HPP to reduce the damage for food packaging materials, but

they did not obtain better results.

The delamination of multilayer polymeric packaging films under

high‐pressure and high‐temperature processing has led to much spec-

ulation about HPP and package compatibility. The degree of physical

damage may depend upon the level of pressure and temperature.

Arguments have been made that these types of packages may not

be durable enough for HPP for various reasons.14 Therefore,

redesigned packaging films may be needed for these applications.

Recent innovations on equipment design aim to reduce damage to

the packaging materials (patent numbers EP2308325 and

US2011007341).1,15 However, slow decompression would require

the incorporation of slow‐pressure release valves into the HPP units,

increasing the cost of HPP equipment significantly.

Several studies have investigated the influence of high‐pressure and

high‐temperature processing on packaging defects.10,16 Most studies

have focused on pressures ranging from 50 to 800 MPa and tempera-

tures between 25°C and 95°C. These studies examined coextruded

and laminated film structures,17,18 including vacuum packaging with a

minimal or fixed level of headspace. Fradin et al7 recommended further

research to investigate the effect of the package headspace on its per-

formance and integrity. The research on the packaging headspace sub-

jected to high‐pressure and high‐temperature processes is limited.

In this study, we investigated the influence of headspace, pressure,

and temperature on the performance of polymeric packaging. We eval-

uated the performance of newly developed coextruded and laminated

polymeric film structures by determining the characteristics of physical

defects and the thermal, mechanical, gas barrier, and structural

properties.

2 | MATERIALS AND METHODS

2.1 | High‐pressure processing

High‐pressure and high‐temperature processing was performed in a 2‐

L capacity high‐pressure machine (Engineered Pressure Systems, Inc.

Haverhill, MA). The high‐pressure pump was supplied by Hochdruck‐

Systeme (AM Mǖhlfeld 9 A‐7032, Sigless, Austria) and set at 400

and 600 MPa. Starting vessel temperatures were set at 30°C, 60°C,
and 90°C. The pressurizing medium was a 10% aqueous Hydrolubric

123‐B solution. A polyoxymethylene‐based cylindrical sleeve (1‐cm

thick × 8‐cm inner diameter × 22‐cm depth) was used for insulation

to minimize heat loss from the heating/pressurizing medium to the

vessel. The vessel's inner dimensions were 10‐cm diameter × 24‐cm

depth. The total processing time was 6 minutes (360 seconds), with

a come‐up time of 30 seconds, a decompression time of 30 seconds,

and a holding time of 300 seconds. The temperature inside the high‐

pressure vessel was monitored using three thermocouple probes (K‐

type; Omega Engineering, Inc., Stamford, CT).

2.2 | Package preparation

Two types of multilayer films were used to create pouches

(0.05 m × 0.10 m). Film A was an EVOH‐based coextruded film

consisting of three layers of oriented polyamide, 27% mol ethylene

vinyl alcohol, and casted polypropylene (PA 15 μm/EVOH

15 μm/CPP 60 μm). These film layers in brackets arranged from the

outside towards environment to the inside layer (sealant) towards

model food. Film B was a polyethylene terephthalate coated with an

organic coating and aluminum oxide laminated with polyamide 6 and

polypropylene (PET 12 μm ‐AlOx‐ OC 5‐6 μm/PA 6 15 μm/CPP

50 μm), respectively. Coextruded and coated‐PET based laminated

structures were chosen to represent the types of packaging commonly

used for the commercial pasteurization and sterilization processes.

After performing preliminary studies using extreme conditions of pres-

sure and temperature (600 MPa and 90°C), these two structures were

selected among four EVOH‐based coextruded and six coated PET

structures. The EVOH‐based structures contained different grades of

EVOH and protective layers. The coated structures contained AlOx‐

based and SiOx‐based coatings, with layers protecting these coatings.

The multilayer structures were supplied by collaborating polymer pro-

cessing companies. Initially, an impulse sealer (MP‐12; J.J. Elemer Corp.

St. Louis, MO) was used to seal three sides of the pouches. The seal

width was 1.5 ± 0.5 mm, and sealing was performed at 150°C for 3 sec-

onds. The pouches were filled with 30 mL of distilled water as a food

simulant and then sealed using a vacuum sealer (Easy‐PackUltraSource.

LLC. Kansas, MO) that was operated for 5 seconds on the high‐vacuum

setting, with a pump flow capacity of 16 m3/h and a sealing tempera-

ture of 160°C.

The pouches were preheated in a water bath that was maintained

at set temperatures of 30°C, 60°C, or 90°C prior to the pressure treat-

ments. A rubber septum self‐adhesive was placed on the pouch. A

predetermined volume of air was injected through the septum with

an airtight syringe to obtain headspaces of 0, 0.05, 0.10, 0.15, 0.20,

0.25, and 0.30‐cc air/mL H2O.

2.3 | Films characterization

2.3.1 | Defect measurement

A high‐resolution scanner (Canon MG2900 Series, Ota, Japan) was

used to obtain images of the processed pouches. These images
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showed white spots as defects. To calculate the area of white spots,

the images were transferred to an RGB (red, green, and blue) scale

using an image processor (ImageJ 1.5, National Institute of Health,

Bethesda, MD). The white spots, as illustrated in Figure 1, were

replaced by the red colour, and the total number of pixels of the

defects on the package was calculated. The area was measured by

selecting the transferred total number of pixels, red pixels, with the

yellow boundary line, as shown. The average image resolution was

1800 × 1300 pixels, with a ratio of 1 mm/12 pixels = 144 pixels per

1 mm2. The total number of pixels was then converted to the total

area by correlating known objects, such as the gridded background

shown in the image. The area of the white spot defect was expressed

as a percentage of the entire package area of 5 × 10−3 m2.

2.3.2 | Colour and thickness

White spot and transparent film colour values (L*, a*, b*) were mea-

sured using a colorimeter (Minolta CR 200, Konica Sensing America

Inc., Ramsey, NJ). Lightness (L*) values of the white spots and the

pouch were also compared with a white standard printing paper (light-

ness value was 92), illustrating the severity of the process on the

transparent packages.19 The film thickness of unprocessed and proc-

essed pouches and at white spot defects were measured using an

electronic disc micrometer (model 15769, Flexbar Machine Co.

Islandia, NY). At least, three replicate readings were taken during each

measurement at various locations on the packaging.

2.3.3 | Thermal analysis

A differential scanning calorimeter (DSC, model Q2000 TA instrument,

New Castle, DE) was utilized to determine the melting temperature

and enthalpy of unprocessed and processed films and the white spots

of the film. Film samples weighing 5 to10 mg were hermetically sealed

in small pans and placed in the DSC instrument along with an empty

reference pan. The sample was then heated from 25°C to 300°C at

a rate of 10°C/min. DSC thermograms were analyzed to determine

the melting temperatures (Tm) and enthalpy (ΔH) of each layer in the

multilayer.8
FIGURE 1 Image transformation and area selection of film a processed a
2.3.4 | Mechanical properties

The pouches subjected to 600 MPa and 90°C with 0.30‐cc air/mL

H2O headspace were analysed for mechanical properties measure-

ments. Both processed and unprocessed pouches were cut into

10 × 2.5‐cm sections, prepared, and conditioned for 48 hours at

23°C ± 2°C and 50% ± 10% RH prior to mechanical testing. The film

samples cut from processed pouches did not include white spots for

tensile testing. For the tensile test, tensile grips attached to mechani-

cal property analyser TA‐XT2 (Stable Micro Systems Ltd. Surrey GU7

1YL, United Kingdom) were used with an initial crosshead speed (grips

separation) of 50 mm/min. Both the tensile and the sealing strengths

were determined according to ASTM D882‐12 and F88/F88 M‐15

standards, respectively. The sealing strength was determined after

cutting and conditioning the samples of 10 × 2.5 cm, following tech-

nique A in F88/F88 M‐15. The film samples tested for sealing strength

included the white spots on the film edges. The sealing section

(1.5 ± 0.5 mm) was in the middle of the cut, perpendicular to the

mechanical force applied, and unsupported free in the air between

the grips.

2.3.5 | Barrier properties

Oxygen transmission rates (OTRs) were measured using a Mocon oxy-

gen permeation analyser (Ox‐Tran 2/21 MH, Modern Control, Minne-

apolis, MN) at 23°C, 55% RH, and 1 atm. Testing was performed

according to ASTM D3985 standard. Water vapour transmission rates

(WVTRs) were measured using a Mocon Permatran 3/33 instrument

(Modern Control, Minneapolis, MN). An infrared detector was used

to detect the WVTR at 100% RH and 37.8°C. The WVTR of the film

was conducted as per ASTM F 372‐99. Specimens were prepared by

cutting the films to an appropriate size of 50 cm2 and mounting them

inside the chambers.8

2.3.6 | X‐ray diffraction

X‐ray diffraction profiles of untreated and treated films and white

spots were obtained using a diffractometer (Model Miniflex 600,
t 600 MPa and 90°C
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Rigaku Americas, Woodland, TX). Each layer of multilayer structure

was identified using the International Centre for Diffraction Data

(ICDD) database (Newtown Square, PA) and confirmed with the liter-

ature. Experimental conditions were 40 kV, 15 mA, slit angle of 0.02°

and a scanning speed of 1°/min ranging from 8 to 35 θ°. The radiation

of Kα was at λ = 1.5418 Å. The X‐ray peaks were analysed for crystal-

linity percentageusing crystallinity%= [Icrystal/(Icrystal + Iamorphous)] ×100,

where I is the integrated area under the curve.20
2.4 | Statistical analysis

The data were analyzed using OriginPro 8 (OriginLab Inc., MA) and

SAS 9.4 (SAS Institute Inc., Cary, NC). Tukey's honestly significant dif-

ference (HSD) test was conducted to determine the significant differ-

ence between the means at a 95% confidence interval α = 0.05. All

experiments were conducted in triplicate unless otherwise noted.
3 | RESULTS AND DISCUSSION

The high‐pressure and high‐temperature processes profiles are pro-

vided first and followed by the characterization of the defect of the

films and a discussion of the physical, thermal, mechanical, barrier,

and structural properties of the films.
FIGURE 2 Temperatures and pressure profiles inside the vessel at
600 MPa (A) and 400 MPa (B)
3.1 | High‐pressure process profiles

Figure 2A and B shows the vessel temperature and pressure changes

during the process. Starting initial temperatures were 90°C, 60°C,

and 30°C. The temperatures rapidly increased to 108°C, 70°C, and

40°C at 400 MPa and to 115°C, 80°C, and 45°C at 600 MPa, respec-

tively. During the holding period in the HPP vessel, the fluid tempera-

ture gradually decreased by 5°C to 10°C, depending upon the

pressure and initial temperature. The polyoxymethylene insulation

sleeve helped to maintain the medium temperature and limited tem-

perature loss to a maximum of 10°C. Without the insulation, the tem-

perature drop reached up to 20°C in pretrial. The increase in

temperature of the fluid medium within the HPP chamber was due

to adiabatic heating within the vessel upon applying the pressure.

The increase in temperature was controlled mainly by the initial vessel

temperature and the final vessel pressure. The range of pressures and

temperatures selected for these experiments represents the condi-

tions of pasteurization and high PATS.21 A similar increase in temper-

ature at this pressure range and temperature profiles has been

previously observed.22-24
3.2 | Films characterization

3.2.1 | White spots and delamination

Packages that were processed after vacuum packing (approximately 0‐

cc air/mL H2O headspace) did not experience any visual physical dam-

age under the processing conditions tested here at up to 600 MPa and
90°C (Figure 3A and C). Similar results have been reported for other

types of packaging held under combined high pressure and tempera-

ture.8,22,25,26 Two forms of physical damage were observed on the

processed pouches with 0.30‐cc air/mL H2O headspace and process-

ing temperature above 30°C (Figure 3B and D). The two forms of

defects were white spots in film A EVOH‐based and B AlOx‐coated

PET and delamination only in film B. Results showed that the area of

the white spots was significantly (P < 0.05) influenced by the package

headspace greater than oe equal to 0.05‐cc air/mL H2O and starting

process temperatures higher than 30°C (Figure 4). A headspace of

0.25‐cc air/mL H2O resulted in the highest white spot area among

all introduced headspace volumes 0.05 to 0.30‐cc air/mL H2O, except

for 0.20‐cc air/mL H2O. Delamination took the form of small bubbles

localized around the pouch edges. In all cases, defects of either white

spots or delamination were located around the edges and the upper

part of the pouch near the headspace (Figures 1 and 3).

Pouches processed at 30°C also did not show defects at any tested

headspace or pressure conditions, as previously observed.14 However,

increasing the temperature to 60°C and 90°C increased the area of

white spots for both films A and B processed at 400 and 600 MPa.

Film A showed a white spot area 18% larger compared to film B when

processed under the same conditions. This difference may be due to



(A) (B)

(C) (D)

FIGURE 3 Representative images for film A processed at 400 MPa and 60°C, (A) 0‐cc air/mL H2O headspace, and (B) 30‐cc air/mL H2O
headspace; film B processed at 400 MPa and 60°C, (C) 0‐cc air/mL H2O headspace, and (D) 30‐cc air/mL H2O headspace
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bubble formation in film B. In addition, the level of this defect was

slightly higher in film A at a higher pressure of 600 MPa. However,

the level of defect was only marginally higher in film B for the process

at lower pressure of 400 MPa. This increase may be due to a higher

bubble formation at 600 MPa in the white spot area. Despite the small

variation, overall pressure levels did not show significant differences in

the damage for both films.

When a high‐pressure process is combined with an elevated tem-

perature above 30°C, the package headspace becomes a more critical

factor that should be considered in the process design. A headspace as
small as 0.05‐cc air/mL H2O could result in noticeable damage. Hence,

for the PATS process, residual gas in the packaging should be mini-

mized. Some food products may contain entrained residual air that is

released upon the application of pressure.27 However, high‐pressure

pasteurization at low temperatures less than or equal to 30°C can

allow for residual gases.28

Delamination only occurred when the metal element was present

in the packaging as a coated barrier layer.14,29,30 Another major differ-

ence between films A and B is that film A with the EVOH‐base was

coextruded while PET‐coated AlOx film B was laminated. The



FIGURE 4 Influence of headspace air volume on the defected area as a percentage; (A) at 600 MPa and (B) at 400 MPa (n = 3)

FIGURE 5 White spots' lightness value relative to the transparent
package and white printing paper (n = 3)
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molecular bonding in coextruded film structure is generally stronger

than laminated structures. Although films A and B were made of dif-

ferent polymers, the cohesive force that bound and held the layers

together may be lower in film B than in film A, making delamination

more apparent in film B. Sterr et al in 2017 proposed that fast decom-

pression causes a blistering effect from explosive decompression fail-

ure.31 In addition to analysing the white spots and delamination, the

physical, thermal, mechanical, and structural properties of the film

structures were examined.

3.2.2 | Colour and thickness

To demonstrate the effect of different processes on the package using

a relatively simple test, the overall colour change (ΔE) and lightness (L*)

of white spots and (visually) unaffected area (where white spots were

not present) of both films were measured. This was performed at the

most extreme process conditions tested in this study, 90°C, 600 MPa,

and 0.30‐cc air/mL H2O headspace. The ΔE of white spots on film A

was higher than those on film B (Figure 5) because no delamination

occurred in film A. Thus, stress was concentrated on the film layers

PP, EVOH, and PA. However, in film B, the inner layer (PP) was

delaminated and formed small bubbles. The physical stress of the

high‐pressure and high‐temperature process created more white spots

on film A. The damaged area (white spots) in film B was lower because

the film may have exhibited failure stress, resulting in delamination.
The L* values of white spots on films were close to the lightness

value of white printing paper. This whiteness (stress whiteness) was

primarily caused by small voids, surface cracks, wrinkles, as well as

macro‐size chain reorientation and stretching from stress applied to

the polymers.32-34 Overall, the formation of white spots is undesir-

able.35 The L* of the unaffected area of film A was lower compared

with the same of film B, but the values did not differ significantly

(P > 0.05) from the values of unprocessed films.



TABLE 1 Overall thickness of the control and processed films and
white spots (n = 3)

Film

Thickness, μm

White SpotControl Processed

A 92.3 ± 0.6aA 92.7 ± 0.6aA 130.7 ± 19.9bA

B* 79.3 ± 1.2aB 82.0 ± 1.7aB 164.3 ± 19.6bA

The same small superscript letters in the same row and capital letters in the

same column do not differ significantly at α = 0.05.

*Bubbles ranging dimeter up to 5 mm were also observed in the film B.
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The thickness of white spots in film B was slightly higher but not

statistically different (P > 0.05) than the white spot thickness in film A

(Table 1). The overall thicknesses of the remaining areas of the films

were not affected after processing. The significant increase in film

thickness at the white spots confirmed the changes in the topography

andmorphology of the films, as stated previously. The changes included

cracks, voids, and wrinkles were also reported elsewhere.36 In addition,

bubbles with a diameter of up to 5 mm formed in film B. Other

researchers have also reported bubble formation in PET‐based multi-

layer films after high‐pressure and high‐temperature processing.9,37

3.2.3 | Thermal analysis

Both films A and B generally showed good thermal stability in terms of

the melting temperature (Tm) of individual layers and total enthalpy

(ΔH). For film A, the Tm of individual layers and ΔH were not affected

after processing (Table 2). For film B, theTm of different layers was not

affected by the high‐pressure and high‐temperature processing, while

ΔH increased from 32.3 ± 2.4 to 38.1 ± 1.4 J/g after processing at

90°C and 600 MPa. The increase in enthalpy may be attributed to

chain reorientation and alignment at high‐processing temperatures.38

An increase of melting enthalpy was previously reported for PET and

27% mol ethylene EVOH‐based films.8,39 The Tm and ΔH of white

spots did not differ significantly (P > 0.05) from the same of the

undamaged regions of processed films. López‐Rubio et al in 2005

studied the effect of high‐pressure and high‐temperature treatment

on two EVOH films of 26 and 48 mol% of ethylene content.25 They

found that the ethylene content in EVOH films influenced the level
TABLE 2 Thermal properties of the individual layers in film structures A

Film Layer

Control Proc

Tm, °C ΔH**, J/g Tm,

A PP 164.4 ± 0.2a 33.4 ± 4.5A 165

EVOH 180.7 ± 4.2a 182

PA 223.2 ± 1.4a 223

B OC 126.5 ± 0.1a 32.3 ± 2.4A 126

PP 166.2 ± 0.1a 166

PA 223.7 ± 0.6a 224

PET 257.8 ± 0.1a 258

Same small or capital superscript letters in the same row do not differ significa

*Processed at 600 MPa and 90°C.

**Total melting enthalpy (ΔH = ΔHPP + ΔHEVOH + ΔHPA).
of impact on barrier and thermal properties of films subjected to

high‐pressure and high‐temperature process.

3.2.4 | Mechanical properties

The tensile strength, elongation at the break, and sealing strength of film

A did not change after processing. However, the mechanical properties

of film B decreased significantly (P < 0.05) after processing at 90°C and

600 MPa, except for elongation at break (Table 3). The limited sealing

strength for film B could be because of the bubble formation around

the sealed edges, with a decreased strength by around 20%. Pinholes

and cracks induced by the thermal stress may have decreased the tensile

strength by 15%.20 Galotto et al in 2008 made a similar observation for

PET coated with metal oxide and PP‐based pouches containing aqueous

simulant and olive oil subjected to 60°C and 400 MPa processing. They

also observed cracks and pinholes in the studied films.11

3.2.5 | Barrier properties

Figure 6A and B shows the effect of high pressure and temperature

on OTR and WVTR for films A and B. The OTR of films A and B

did not change after processing at 30°C and 600 MPa. However,

the OTR of film B increased significantly (P < 0.05) when the process

temperature increased to 90°C. The oxygen barrier change in film B

was much higher, increasing the OTR from 0.02 to 12.4 cm3/m2/

day. For film A, the OTR increased from 1.2 to 2.2 cm3/m2/day

(Figure 6A). The WVTR of film A was not affected by low (30°C) or

high (90°C) temperature and pressure (600 MPa) processes at 6.7 to

6.6 g/m2/day (Figure 6B). In contrast, the WVTR of film B increased

significantly (P < 0.05) from 0.4 to 5 g/m2/day when processed at

90°C and 600 MPa. Zhang et al40 made similar observations for the

barrier properties of PP/EVOH/PA film subjected to microwave‐

assisted thermal sterilization. In that study, the OTR doubled while

the WVTR remained the same compared with unprocessed films,

despite the difference in processing.41 In our study, film B showed

poor performance when subjected to 90°C and 600‐MPa processing.

The deterioration of the barrier properties for film B was in line with

the degradation in its mechanical properties. These changes can be

attributed to the cracks and pinholes may have developed in film B.

The properties of gas barrier are critical to the shelf life of packaged
and B (n = 3)

essed* White Spot

°C ΔH, J/g Tm, °C ΔH, J/g

.0 ± 0.1a 29.1 ± 4.0A 164.7 ± 0.2a 31.5 ± 5.3A

.0 ± 4.8a 182.2 ± 1.8a

.2 ± 2.6a 223.0 ± 0.9a

.7 ± 0.0a 38.1 ± 1.4B 126.6 ± 0.1a 38.4 ± 0.1B

.3 ± 0.2a 165.9 ± 0.2a

.2 ± 0.3a 223.4 ± 1.1a

.0 ± 0.2a 258.1 ± 0.1a

ntly at α = 0.05.



TABLE 3 Mechanical properties of films A and B at 25 ± 2°C (n = 5)

Process Film A Film B

Pressure,
MPa Temperature, °C

Tensile strength,
MPa

Elongation at
break, %

Sealing strength*,
MPa

Tensile strength,
MPa

Elongation at
break, %

Sealing strength*,
MPa

Control 25 54.4 ± 6.0a 96.9 ± 20.5a 34.0 ± 2.0a 70.9 ± 4.5a 67.9 ± 4.1a 44.7 ± 2.7a

600 90 54.7 ± 4.6a 93.8 ± 42.0a 31.1 ± 4.1a 59.9 ± 4.0b 62.1 ± 8.2a 35.8 ± 6.2b

Same small superscript letters in the same column do not differ significantly at α = 0.05. Across sectional area = thickness of the film × width of the tested

strip.

*Film samples tested included the white spots on the film edges.

FIGURE 6 Oxygen (A) and water vapour (B) transmission rate of processed packages at 600 MPa (n = 3)

FIGURE 7 X‐ray diffraction intensity of film (A) A and (B) B control, processed, and white spots on the films processed at 600 MPa and 90°C
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foods.40 Mild temperatures combined with high pressure do not tend

to change the barrier properties of multilayer films, and temperature

appears to be the predominant effect that leads to loss in barrier

properties.14
3.2.6 | X‐ray diffraction

The X‐ray diffractograms for control, processed films, and white spot

areas for films A and B, processed at 600 MPa and 90°C, are



FIGURE 8 Overall crystallinity percentage of EVOH‐based (A) film A
and (B) coated PET‐based film B; control, processed, and white spots
on the films processed at 600 MPa and 90°C (n = 3)
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presented in Figure 7A and B. The peaks were identified by the ICDD

database and compared with the literature.20 film A exhibited three

peaks for the PP layer at 2θ equalling 13° and 14°, 16° and 17°, and

18° and 19°. These peaks were also observed for the PP layer in film

B. The EVOH layer in film A exhibited a peak around the 20° band.

The PA peak was most prominent and appeared at 23° to 24°. In

film B, the PA peak appeared at 24° and the PET peak appeared at

26°.

The crystallinity percentages of films A and B are plotted in Figure 8A

and B. The overall crystallinity of the EVOH‐based film A decreased

slightly from 82% to 76% after processing at 600 MPa and 90°C. The

white spot area showed a 1.5% further decrease to 75%. However, the

decrease in crystallinity was not statistically significant (P > 0.05). The

initial reduction in crystallinity of the EVOH‐based film could be due

to plasticization by water (food simulant) absorbed during the

process.38,42,43 The insignificant decrease in crystallinity of film A in the

white spot may be due to the change in topography rather than the

change in the morphology of the film's inner layer. In contrast, film B

showed a decrease in crystallinity of about 11% after processing at
600 MPa and 90°C, decreasing from 81% to 70%. However, the white

spot area in film B showed a further decrease in crystallinity to 66%. A

relatively small reduction in crystallinity and chain reorientation,

especially in film B, resulted in changes to the barrier, thermal, and

mechanical properties, as discussed previously. Sterr et al reported

similar trends in crystallinity changes in PET film coated withmetal oxide.

They found that the in the amorphous region in the PET SiOx‐based lid

film increased as the package headspace increased from 15% to 50%.17

This reduction in the crystalline region may be attributed to the shear

force applied between layers as they attempted to rearrange and

delaminate. This reduction accorded with our visual observations, in which

the loss of transparency and whitening occurred in both films A and B.
4 | CONCLUSIONS

Headspace resulted in physical damage to the package in the form of

whitening stress (white spots) and/or delamination in high‐pressure

and high‐temperature processes. However, visual defects were not

observed at lower temperatures (30°C) and pressures between 400

and 600 MPa at package headspace of values up to 0.30‐cc air/mL

H2O. The primary visual change in coextruded film A (PA/EVOH/PP)

was the white spot, which did not alter the mechanical and thermal

properties of EVOH‐based film A. The delamination in the form of

small bubbles also occurred in PET film B coated with metal oxide

(PET‐AlOx‐OC/PA 6/PP) and affected its mechanical, thermal, and bar-

rier properties. Overall, the performance of EVOH‐based film was bet-

ter than that of the coated PET‐based film in the thermal, mechanical,

and barrier properties. Therefore, physical damage to multilayer film

packaging during high‐pressure and high‐temperature processing can

be minimized by reducing the headspace. The findings may inform

food manufacturers in the selection of polymer packaging and package

headspace for high‐pressure and high‐temperature processes.
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