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This article reports the effects of recycled material per-
centage, annealing conditions, and glass fiber percentage
on the mechanical behavior of injection molded polypro-
pylene samples. Specimens were prepared with different
percentages of recycled material ranging from 0 to 100%.
Two groups of samples, i.e., non-annealed and annealed
at 1508C, were tested to investigate annealing effects. The
effects of adding fiber (0–7.5%) to specimens was also
investigated. It was found that increasing the amount of
recycled material improves the material properties in a
non-linear trend. Annealing had a significant positive
effect on both non-fiber-added and fiber-added samples:
it improved the yield stress of non-reinforced polypropyl-
ene samples by more than 10% and their Young’s modu-
lus by about 50%. Fiber-added materials showed more
variability, and adding fiber also improved the Young’s
modulus and the yield stress of the samples by about
50%. The results indicate that the three factors investi-
gated improved toughness of the injected polypropylene
samples; however the effects are not significant. The
study findings reveal that using recycled polypropylene
has no significant effect on the material properties of
polypropylene. POLYM. ENG. SCI., 56:1283–1290, 2016. VC 2016
Society of Plastics Engineers

INTRODUCTION

Plastics play an essential role in today’s world and are used

for many purposes. The widespread use of plastic products

demands sustainable lifecycle strategies to address environmen-

tal and human health concerns [1]. To do so, being more selec-

tive in its use, well-managed disposal programs, and a specific

emphasis on active recycling are essential for the healthy devel-

opment of plastics and their applications. One strategy used in

industry is to add recycled materials to virgin materials, yet

there are no scientific studies on the effects of this process. The

study reported in this article addresses this scientific void by

testing the effects of recycled material percentage, annealing

conditions, and glass fiber percentage on the mechanical behav-

ior of injection-molded polypropylene samples.

Polypropylene (PP), also named polypropene, is a thermo-

plastic polymer and is one of the most widely used polyolefin

polymers. PP is a semi-crystalline polymer material, providing a

balance of strength, modulus, and chemical resistance at a rela-

tively low cost and weight [2]. The mechanical behavior of PP

has been widely investigated. Based on Hartmann et al.’s [3] study

on machined dog-bone specimens from a polypropylene sheet,

and Duffo et al.’s [4] tests on machined specimens made from

cylindrical extruded rods of polypropylene, the reported tensile

yield behavior of polypropylene falls in a temperature range of

20–1508C. Arruda et al. [5] have evaluated the deformation of

polypropylene at various strain rates. Other researchers, for exam-

ple, have used uniaxial tensile tests to determine the combination

effects of temperature and the strain rate of injection molded

unfilled and talc-filled homopolymer polypropylene [2–6]. Zhou

et al. have used experimental methods and constitutive equations

to evaluate and predict the combination effects of temperature and

the strain rate of polypropylene [2, 6].

Several researchers have investigated the effects of recycling

on the microstructure and the mechanical properties of polypro-

pylene [7–11]. Gonz�alez-Gonz�alez et al. [8] have studied poly-

propylene’s chemical and molecular weight changes through

multiple extrusions. They found no changes in the polypropyl-

ene chemical structure. Long et al. have investigated the

mechanical properties of recycled polypropylene; their findings

show that while recycling decreases the impact strength of PP

has no significant effect on tensile properties [9]. Other findings

[10, 11] show that over the course of three recycling processes

no significant changes are detected in the material properties of

polypropylene. Despite no significant changes being detected in

the material properties of PP over this recycling course, its

material properties could be improved as a result of recycled

materials having a higher crystallinity [10].

This article is organized in the following manner: First, the

effect of adding recycled (reprocessed) polypropylene on the

mechanical behavior of polypropylene samples at room tempera-

ture is discussed. Second, the effect of post-manufacturing ther-

mal treatment (referred to as annealing process) is presented as

another factor which can affect the mechanical properties of the

material. Finally, the effects of adding glass fibers to recycled

polypropylene are reported. Uniaxial tensile testing—the most

commonly used material testing technique—was the main test

procedure used in this study. Tensile testing was used to evalu-

ate the mechanical properties of materials, and is an inexpensive

and fully standardized procedure [12]. Design of Experiments

(DoE) techniques were implemented to investigate the main cor-

relation effects as well as the interactions among the variables.

EXPERIMENTAL

Materials

The polypropylene material used in this study is called “PP

CO, no-break” with 12–16 (g/10 min) melt flow rate for 2.16 kg

of the material at 2308C [13, 14]; “no-break” refers to the mate-

rial IZOD impact test [15] which does not result in breaking.
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The PP material was supplied by Chase Plastics Redefining

Resin Distribution (CHASE) Company. Its properties were

tested by Modified Plastics Inc. which is based in Santa Ana

(CA 92707, US). This study used virgin polypropylene pellets

that had previously not been used nor molded into parts. The

virgin PP specimens were molded using virgin PP pellet mate-

rial. In contrast, recycled PP specimens consisted of the same

material (PP CO, no-break) but had been reprocessed once.

Once reprocessed, Drader Manufacturing Ltd. (Edmonton, AB,

Canada) made this material into, which was then molded to

become, the study specimens [16].

Sample Preparation

Sample Types. Five types of testing material with different

weight percentages of recycled PP (0 wt%, 25 wt%, 50 wt%, 75

wt%, and 100 wt%) were blended with virgin PP. To study the

effect of adding fiber to the recycled materials, one level of 7.5

wt% of glass fiber was added to the recycled and virgin PP

samples (25 wt%, 50 wt%, 75 wt%). To do so, reinforced pel-

lets were purchased from the supplying company with 15 wt%

glass fiber in PP pellets. Sourcing reinforced pellets from the

supplier limited the amount of differing combinations of

recycled, virgin, and fiber samples for this study. It was also

important to have a consistent percentage of recycled materials

in order to have controlled comparable experiments. As a result,

eight different types of specimens were prepared for this study.

Table 1 shows the eight different samples and the blending

combinations used in this study.

Sample Preparation by Injection Molding. Following the

ASTM D638 [12], type V specimens were made using an injec-

tion molding process (Fig. 1 shows a schematic view of the

type V specimens). Polypropylene samples were injection-

molded at Drader manufacturing industries Ltd. As specimens

are small a mold was designed to produce four dog-bone sam-

ples simultaneously, while a one degree taper was designed to

prevent stocking in the mold. Virgin, recycled, and fiber resin

pallets of polypropylene were blended and then vacuumed to

the injection molding system to produce samples based on men-

tioned samples recipes. The same injection molding process

specifications were repeated for all study specimens to ensure

consistency. For example, a barrel temperature of 2278C and a

melt temperature of �2108C were used. The injection time was

5 s, which while somewhat long for such small parts, ensured

that the sample parts were fully and evenly filled. Cooling time

was 35 s so that the specimens had minimal shape change after

cooling outside of the mold. The injection pressure was 103

MPa, the packing (holding) pressure was 98 MPa, and the pack-

ing time was 3 s [16]. To achieve consistency throughout the

study, all samples were packed and stored at the same place

before and during the experiments.

Annealing. Annealing is a heat-treatment process that repli-

cates the stress inside the specimens by slowly heating and cool-

ing the samples. The industry standard for annealing is to have

the specimen at room temperature, and then increase the temper-

ature by 108C/h until the specific isothermal temperature is

reached. The specimen is then kept at the isothermal tempera-

ture for 2 h, followed by a same-rate decrease in temperature

until room temperature is reached. Based on research findings

applicable to this study, samples were annealed at 1508C [17,

18]. Compared to the melt temperature of polypropylene

(2108C), the annealing temperature, a high-moderate tempera-

ture, could improve the properties of the specimens. Half of

each type of produced samples was annealed while the rest were

stored at room temperature. This allowed for a performance

comparison between the annealed and non-annealed samples of

the same kind. Sixteen groups of samples were tested in total (8

types of samples 3 2 [annealed and non-annealed]).

Experimental Method (Tensile Test)

As mentioned above, 16 different groups of samples were

prepared for the tensile test. The tensile test was performed five

times for each group of samples, which resulted in 80 tensile

tests being performed in total. When the samples were being

injection-molded, the specimen’s dimensions were determined

by measuring one specimen per batch (five specimens were

tested for each batch) [12]. Based on this procedure, the speci-

mens were determined to have a width of 3.3 mm, a thickness

of 1.6 mm, and a gauge length of 7.62 mm. Stress and strain

were calculated using these dimensions. Tensile tests were per-

formed according to ASTM D638 on a Bose 3200 test system.

A crosshead speed of 10 mm/min was used and the specimens

were tested at room temperature (�208C). To obtain the module

of elasticity (E), an optical extensometer (built in-house) was

TABLE 1. Polypropylene sample recipes.

Recipes Recycled PP (%) Virgin PP (%) Glass fiber (%)

1 0 100 0

2 25 75 0

3 25 67.50 7.50

4 50 50 0

5 50 42.5 7.5

6 75 25 0

7 75 17.50 7.50

8 100 0 0

FIG. 1. Schematic view of dog-bone tensile specimens.
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FIG. 2. Stress–strain curve and sample deformation process through different times of the tensile test; elastic defor-

mation (A), proportional limit (B), necking (C), stress-whitening (D), fracture (E) [1]. [Color figure can be viewed at

wileyonlinelibrary.com.]

FIG. 3. Effects of recycled material percentage on the mechanical properties of “recycled1 virgin PP” samples;

elastic modulus vs. percentage of recycled PP (a); ultimate tensile strength vs. percentage of recycled PP (b); yield

stress vs. percentage of recycled PP (c); Elongation at break vs. percentage of recycled PP (d).
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used to process samples for the linear portion of the stress–strain

curve.

Statistical analysis was used to better understand the effects

of the considered factors (recycled material percentage, anneal-

ing condition, and glass fiber additive percentage) on the

mechanical behavior of polypropylene copolymer. Specifically,

an analysis of variance (the ANOVA method) generated the

tested means plots, and the surface plots. The ANOVA method

is useful when there are more than two groups of samples, and

allows for a comparison of means in complex models.

RESULTS AND DISCUSSION

The tensile behavior of virgin, reprocessed, and reinforced

reprocessed polypropylene has been investigated. This study

also examined the effect of annealing on polypropylene samples.

Tensile tests were performed at room temperature (�208C) and

followed ASTM D-638 standard methods [12]. A characteristic

stress–strain curve of the specimens is shown in Fig. 2. The

curve begins with a clear linear region up to stress-whitening

and reaches the yield point where deformation starts by necking.

The next material shows stress-whitening up to the ultimate ten-

sile strength (UTS) point, where fracture finally occurs.

Specimens with no reinforcement had an average 6 standard

deviation of UTS and elastic modulus (E) of 24.21 MPa (6 0.2

MPa standard deviation) and 792.66 MPa (6 31.53 MPa stand-

ard deviation) when in a non-annealed condition, respectively. E
as a function of recycled PP percentage is plotted in Fig. 3a.

This shows that a slight improvement (�10%) in the mechanical

properties of PP was achieved by using a greater percentage of

recycled material; this could be due to recycled PP having a

higher crystalline structure and stiffness at room temperature

[10]. The ultimate tensile strength plot shows no significant

changes in the results (see Fig. 3b). The results for the yield

strength (ry) and elongation at break (eb) also indicate an

approximate change of 5% when using more recycled PP (see

Fig. 3c and d). We can therefore conclude that using more

recycled material has a slight positive effect on the mechanical

properties of PP, however this slight trend was only observed in

E. No negative material property effects were observed with an

increased percentage of recycled material. This finding could be

very useful for industries seeking to reduce their cost by using

more recycled materials. An increased use of recycled materials

is also better for the environment.

UTS of 24.49 6 0.4 (MPa) and E of 989.666 161.2 (MPa)

were recorded as the average 6 standard deviation for the non-

FIG. 4. Effects of annealing on a sample stress–strain curve; not annealed PP sample (a), annealed PP sample (b).

FIG. 5. Effects of annealing on “recycle1 Virgin PP”; Elastic modulus (E) vs. percentage of recycled PP (A);

Yield stress (ry) vs. percentage of recycled PP (B).

1286 POLYMER ENGINEERING AND SCIENCE—2016 DOI 10.1002/pen



reinforced samples after annealing. Figure 4 presents the stress–

strain curves for the annealed and non-annealed samples of

recycled and virgin non-reinforced PP. This figure shows that

annealing improved the rigidity of polypropylene in a way that

changed its categorization. Specifically, annealing changed the

rigidity of this PP from a soft and tough polymer to a hard and

tough polymer [19]. Figure 5a and b provides more detail to

show that annealing the samples at 1508C increased the Young’s

modulus (E) less than 50% and the yield stress (ry) by more

than 10%. This can be attributed to the enhanced material crystal-

linity and to the size of the crystals resulting from the heat-

treatment performed on the samples [17]. Figure 5a also indicates

that annealing caused more of an improvement in Young’s modu-

lus of samples when the samples had a higher percentage of

recycled material (�50% improvement) compared to the virgin

samples (�10% improvement). It should be noted however that

annealing resulted in the same improvement on yield stress for all

recycled and virgin PP samples by almost 10% (see Fig. 5b).

Respective UTS of 31.3 6 4.3 (MPa) and 31.11 6 3 (MPa)

and Young’s modulus of 1136 6 94.6 (MPa) and 1782 6 238.3

(MPa) were recorded as average 6 standard deviations for the

reinforced recycled and virgin PP samples at non-annealed and

annealed conditions. The effects of adding fiber on the mechani-

cal properties of recycled and virgin PP samples are plotted in

Fig. 6. Study results show that the addition of fiber will increase

both the elastic modulus and the yield stress significantly. As

demonstrated by the standard deviations plotted in the error

bars, the results for the both the recycled and virgin fiber speci-

mens have more variability in comparison to the non-fiber sam-

ples. This variability was more significant in the results specific

to the Young modulus (E) (see Fig. 6a). Figure 6b also indicates

a decreasing trend in yield strength (ry) concurrent with an

increasing percentage of recycled material. The effects of

annealing on glass fiber reinforced samples are shown in Fig. 7.

This figure indicates that the elastic modulus of the recycled,

virgin, and fiber PP samples increased by more than 50% post-

annealing, yet the effect on the yield stress was not significant.

The effects of all considered factors (recycled PP percentage,

annealing, and fiber) are summarized schematically and numeri-

cally in Fig. 8 and in Table 2, respectively. The fiber-

FIG. 6. Effects of adding fiber on “recycled1 virgin PP”; Elastic modulus (E) vs. percentage of recycled PP (a);

Yield stress (ry) vs. percentage of recycled PP (b).

FIG. 7. Effects of annealing on “recycle1 virgin1 fiber PP”; Elastic modulus (E) vs. percentage of recycled PP

(a); Yield stress (ry) vs. percentage of recycled PP (b).
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reinforced-annealed sample at 75% recycled had the highest E
compared to the other samples. However, the 75% recycled

samples with or without annealing had similar yield strength

results. Furthermore, an increased percentage of recycled mate-

rial only resulted in changes of less than 10% to the mechanical

properties of non-reinforced, fiber reinforced, and annealed or

non-annealed PP samples. These research findings have also

shown that the combined interaction of annealing and fiber rein-

forcing has the most significant effect on Young’s modulus

improvement (see Fig. 8a). As well, fiber reinforcing had the

most effective improvement on the yield stress of PP samples

(see Fig. 8b).

Using Design Expert 9 software, an ANOVA analysis was

performed on transformed data (for respective responses) from

the recycled, virgin, and fiber PP samples at annealed and non-

annealed states. Based on the ANOVA results, the effects of

factors on the response variables fit into a response surface

reduced cubic model; this model is significant and was recom-

mended for all considered responses.

The same analysis was performed for the E results using a

power transformation of k 5 21.9 fitted to the same model as

other responses. This data reveals that adding fiber and the

annealing process had a significant effect on E, however

recycled PP wt% has no significant effect on the material prop-

erties of PP. The interaction effect of fiber and annealing is also

significant (see Fig. 9b).

An ANOVA analysis was also performed for the UTS results

of the recycled, virgin, and fiber PP samples; to do so a power

transformation of k 5 21.48 was used (as recommended by the

Box-Cox plot). This analysis revealed that the interaction effect

of fiber and recycled PP wt% are significant (see Fig. 9a).

FIG. 8. Summary of all effects; elastic modulus (E) vs. percentage of recycled PP (a); Yield stress (ry) vs. percent-

age of recycled PP (b).

TABLE 2. Mechanical properties of different percentage of “recycled 1 virgin 1 Fiber” PP samples (average 6 standard deviation).

Polymer

UTS (Mpa) E (Mpa) Elongation at break (mm)

Not-annealed Annealed Not-annealed Annealed Not-annealed Annealed

0% R PP 24.06 6 0.23 24.38 6 0.89 760.24 6 18.6 840.47 6 9.35 12.78 6 0.6 6.31 6 3.14

25% R PP 24.04 6 0.51 24.06 6 0.23 800.49 6 9.35 839.68 6 23.5 12.57 6 0.26 6.53 6 1.1

50% R PP 24.26 6 0.22 24.96 6 0.61 778.72 6 20.4 1036.58 6 38.5 12.57 6 0.8 6.53 6 3.4

75% R PP 24.21 6 0.4 24.78 6 0.77 780.86 6 26.4 1003.71 6 22.4 12.37 6 0.67 8.88 6 3.2

100% R PP 24.50 6 0.34 24.29 6 1.8 842.97 6 16 1227.88 6 47.4 12.41 6 0.7 5.14 6 2.45

75% R PP1 7.5% F 26.72 6 2 27.70 6 0.43 1238.84 6 360 1916.62 6 540 1.16 6 .01 1.56 6 0.17

50% R PP1 7.5% F 31.82 6 2 32.36 6 0.66 1119.27 6 440 1922.37 6 376 4.95 6 1.11 2.97 6 1.18

25% R PP1 7.5% F 35.32 6 0.27 33.27 6 1.3 1052.03 6 350 1506.73 6 415 6.21 6 1.44 3.65 6 1.55

FIG. 9. Surface plots of effects; effects of fiber and recycled PP% on yield

stress. [Color figure can be viewed at wileyonlinelibrary.com.]
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For the yield stress results, an ANOVA analysis was per-

formed using a power transformation of k 5 22.36, as recom-

mended by the Box-Cox plot. These findings show that adding

fiber and annealing the samples had a significant effect on yield

stress. Recycled PP wt%, however, had no significant effect on

the material properties of the samples. Also, this analysis

revealed that the interaction effect of fiber and recycled PP wt%

is significant (see Fig. 10).

To check the validity of the fitted response surface reduced

cubic model, the values predicted by this model were compared

to actual conducted values. This comparison revealed an error

of 3, 0.7, and 11 percent for yield stress, UTS, and E, respec-

tively; this indicates an adequate fit between the model and the

actual results.

CONCLUSIONS

The mechanical testing of properties for recycled and virgin

samples revealed that a greater content of recycled PP in the

specimens slightly improved the UTS and E (less than 10%).

The yield stress (ry) results, however, had a more constant

trend. Experiments investigating the effects of annealing on

recycled and virgin PP samples indicated that annealing

improved the material performance of PP; samples became

harder and stronger as their E was improved by �50%, and their

ry improved by more than 10%. The effects of adding fiber to

recycled and virgin PP samples showed a significant improve-

ment in the mechanical properties of the PP samples (�50%).

However, this improvement showed a higher variability for the

recycled and virgin PP samples than for the non-reinforced PP

samples. Recycled, virgin, and fiber PP samples were annealed

to determine the effects of annealing on reinforced–reprocessed

PP samples. This revealed that annealing has a significant effect

on Young’s modulus of reinforced samples (more than 50%

improvement) compared with non-reinforced PP samples (10–

40% improvement).

Generally, we are able to conclude that using a higher per-

centage of recycled material will not have a significant effect on

the mechanical properties of polypropylene. This finding is the

main contribution of this research because of its potential bene-

fit to plastic industries and to the environment. That means, to

reduce costs, more recycled material can therefore be used with-

out a significant reduction in material performance. Adding fiber

had the greatest improvement on both the Young’s modulus and

the UTS of the specimens. Annealing at 1508C also had a sig-

nificant positive interaction with the percentage of recycled

polypropylene contained in the specimens.
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