
Vol.:(0123456789)1 3

https://doi.org/10.1007/s10965-021-02690-z

ORIGINAL PAPER

Influence of molecular weight on molding efficiency and properties 
of sintered UHMWPE thick‑size products

Huixuan Liu1 · Peng Dong1 · Quan Li1 · Ke Wang1 · Qin Zhang1 · Qili Li2

Received: 25 April 2021 / Accepted: 26 July 2021 
© The Polymer Society, Taipei 2021

Abstract
Ultra-high molecular weight polyethylene (UHMWPE) is a kind of high performance polymer. But sintering-Molded UHM-
WPE thick products have the problems of long processing time and structural heterogeneity in products. Here, we compared 
the time required to complete sintering of UHMWPE thick products with different molecular weights, and found that the 
higher the molecular weight, the longer the time it took to complete sintering. With the increase of sintering time, the homo-
geneity of UHMWPE thick products can be improved continuously and will reach a saturation state, at which increasing the 
sintering time will not change various properties of the products. We compared several kinds of properties of UHMWPE 
thick products with different molecular weights and found that with the increase of molecular weight, the hardness, Young’s 
modulus, tensile strength, and yield strength of the products barely change, but the elongation at break and the impact strength 
decrease. Finally, we attribute this phenomenon to the thickness increase of amorphous region.
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Introduction

Ultra-high molecular weight polyethylene (UHMWPE) 
generally refers to the polyethylene with a viscosity aver-
age molecular weight higher than 100 million g∕mol [1]. 
Because UHMWPE has very high melt viscosity [2], good 
self-lubricity [3], and very low heat transfer efficiency [4, 5], 
it is a kind of difficult-to-process materials and many con-
tinuous processing methods are not applicable. Sintering- 
Molding will not be affected by the melt viscosity and fric-
tion coefficient of the raw materials. Sintering-Molding is 
one of the workable methods for UHMWPE processing. 
However, the method of sintering-molding UHMWPE 
thick products still has the problems of long processing 
time and heterogeneity of products. The sintering-molding 
process can be divided into two stages [6]. The first one 
is the densification of the powders, the purpose of which 

is to achieve mutual contact between the surfaces of the 
powder particles. This stage is crucial to the subsequent 
welding of the polymer interfaces and the healing efficiency 
of the interfaces. The second stage is the interface solidi-
fication through chain diffusion and re-entanglement, and 
the accomplishment of interface consolidation marks the 
completion of sintering  [7–10]. The sintering-molding pro-
cess parameters of UHMWPE mainly include densification 
pressure, sintering pressure, sintering time, cooling pres-
sure, cooling rate, etc. While the densification pressure of 
UHMWPE powder exceeds 100 MPa, the density almost 
no longer changes. When the UHMWPE is in a completely 
molten state, it is likely to form a porous structure without 
sintering pressure, so it is necessary maintain a certain pres-
sure in sintering process [11]. Wu, J. J et al. found that when 
the sintering temperature increased from 145 °C to 175 °C, 
the elongation at break increased from 10 to 560%. Through 
scanning electron microscope they found two different types 
of melting defects exist, which gradually disappear as the 
temperature increases. The type 1 defect is inter-particle 
void caused by insufficient densification. This inter-particle 
void continues to exist until the temperature reaches 165 °C. 
The type 2 defect is caused by the slow migration of the 
chain segments at the boundary of UHMWPE particles, 
resulting in obvious boundaries between particles [12]. 
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When the temperature is higher than 220 ℃, the UHM-
WPE powder particles can be completely melted, and the 
resulting product has no melting defects and exhibits better 
mechanical properties [13]. Almost all the sintering-molded 
products of UHMWPE of recent studies were thin or small 
products, which was used for testing mechanical properties, 
thermal properties, wear resistance, etc. [14–17], or other 
deep process [18–20]. As for UHMWPE thick products, 
some researchers have studied the defects in artificial joint 
materials [21]. When there are some defects at the stress 
concentration point, it can greatly damage the properties of 
thick products, such as wear resistance and fatigue resist-
ance, which has a negative impact on the application of 
UHMWPE  [22–24]. UHMWPE thick products, such as 
rods and thicker plates, have high impact strength, excellent 
wear resistance and good biocompatibility [25], which can 
be used as gears, bearings, hopper lining materials and arti-
ficial joint replacement materials, etc. [26] So the research 
of processing UHMWPE thick products is of significance to 
the guiding of actual production. In this work, we prepared 
UHMWPE thick products through sintering molding strat-
egy. The appearance, physical behaviors, and mechanical 
properties of the as-prepared products were characterized or 
measured. The results were utilized for exploring the effect 
of molecular weight on processing efficiency and perfor-
mance of sintering molded UHMWPE thick products. Great 

attention was paid to attain structural homogeneity in each 
UHMWPE thick product. Through this work, we expect 
to provide a reference for the optimization of processing 
parameters for UHMWPE thick products.

Materials and experimental methods

Materials

The UHMWPE nascent powders were produced by Zhongke 
Xinxing Company of Jiujiang City, Jiangxi Province. The 
information of materials was shown in Table 1.

Sintering molding procedure

The sintering protocol and mold used in the experiment 
was shown in Fig. 1. The mold was equipped with asbes-
tos cover to prevent rapid heat loss, the pressure direction 
applied by the hydraulic press was vertical and the heat 
transfer direction was radial. At the first stage of sinter-
ing, 270 g of UHMWPE nascent powders was added into 
the mold and the internal pressure was kept at 150 MPa 
for 5 min. When the densification was over, the internal 
pressure was relieved to 14 MPa. At the second stage, 
the internal pressure was maintained at 14 MPa and the 

Table1   Raw UHMWPE 
powders information

Properties Units UPE-6 UPE-5 UPE-4 UPE-3 UPE-2

Crystallinity % 64 63 60 68 68
Melting point °C 146 146 144 143 144
M

v 10
4 g/mol 664 524 411 314 272

Fig. 1   (a) Schematic diagram of experimental mold, (b) sintering protocol
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temperature was heated to 220 ℃ and kept specified sin-
tering time ( TS ). Finally, the mold was naturally cooled 
to room temperature under the pressure of 14 MPa. The 
resulting UHMWPE thick product was a cylinder with 
approximate dimensions of ∅80 × 55 mm3 and the upper 
and lower sides were marked.

The preparation of test samples

To explore the homogeneity of UHMWPE thick products, 
the UHMWPE thick products were dissected into five disks 
with labels of A, B, C, D and E. The thickness of disk A, 
C, E were about 1.5 mm and disk B, D were about 22 mm. 
Water cooling should be maintained to prevent high tem-
perature generated by dissecting. For impact strength tests, 
disk B was dissected into 5 strips with approximate dimen-
sions of 50 × 10 × 4 mm3 . As shown in Fig. 2.

Characterization

Hardness Testing

The hardness was measured with a Shore D hardness tester 
(LX-D). Five points of upper and lower sides of disk B and D 
were randomly chosen for measuring.

Impact strength

Notched Izod impact test was measured by impact tester 
(XJUD-5.5, Chengde Jinjian Testing Instrument Co., Ltd, 
China) at room temperature. The dimensions of the specimens 
(n = 5) were 50 × 10 × 4 mm3  with a double V-notch of 2 mm 
depth. The formula for calculating impact strength is:

where EC represents the absorbed impact energy, h rep-
resents the thickness of the spline and bn represents the 
remaining width of the spline notch.

Scanning electron microscope

The scanning electron microscope (Insepect F, FEIcompany) 
with an acceleration voltage of 5 kV was used for micro-
scopic morphology characterization. The specimens of melt-
processed UHMWPE for scanning electron microscopy tests 
were soaked into liquid nitrogen about 2 h and then carefully 
broken in liquid nitrogen.

Thermal characterization

The differential scanning calorimeter (DSC) measurement 
was performed on the Perkin-Elmer pyris-I(USA) differen-
tial scanning calorimeter to determine the melting behav-
ior of UHMWPE products. Specimens about 4.0 ~ 6.0 mg 
were chopped from UHMWPE products and sealed in an 
aluminum crucible. Samples were heated from 30 °C to 160 
°C at a heating rate of 10 °C/min under a nitrogen gas flow. 
The melting temperature ( Tm ) was evaluated via the peak 
temperature of the curves. And the crystallinity ( Xc ) was 
calculated by the equation:

where ΔHm is the fusion enthalpy calculated by integrating 
the enthalpy peak from 100 °C to 160 °C, ΔH0

m
 is the melting 

(1)ain =
103 × Ec

hbn

(2)XC =
ΔHm

ΔH0
m

Fig. 2   The schematic diagram 
of test samples preparation

Page 3 of 10    323Journal of Polymer Research (2021) 28: 323



1 3

enthalpy of 100% crystalline polyethylene, 292 J∕g [27]. 
Every thick UHMWPE product was measured at different 
positions for A-a, A-b, A-c, C-a, C-b, C–c, E-a, E-b, E-c and 
A-C. So the thermal property difference of A-C-E indicates 
the through plane heterogeneity, and a-b-c indicates the in 
plane heterogeneity, as shown in Fig. 3.

Tensile test

Tensile test was carried out at a crosshead speed of 50 mm/
min and a gauge length of 30 mm with a universal test-
ing machine (Model 5567, INSTRON, USA). The dumb-
bell samples were 50 mm length, 4 mm width and 1.5 mm 
thick. The measurement was carried out at room temperature 
(25 °C). Every thick UHMWPE product was measured at 
different positions for A-1, A-2, A-3, A-4, A-5, C-1, C-2, 
C-3, C-4, C-5, D-1, D-2, D-3, D-4, D-5. So the difference of 
A-C-E indicates the through plane heterogeneity of mechani-
cal properties, a-b-c indicates the in plane heterogeneity, as 
shown in Fig. 3.

SAXS tests

The samples with dimensions of 5 × 5 × 0.5 mm3 were tested 
by small-angle x-ray scattering (SAXS) machine (xenocs 

xeuss 2.0). The curves were used Lorentz-corrected intensity 
profiles I(q)q2 as a function to obtain the value of the scat-
tering vector qmax at the maximum value of the correlation 
peak. The long period (Lp ) was calculated by the Bragg’s 
relation Lp=2�∕qmax . The thickness of the amorphous region 
( Lc ) was calculated by the Eqs. (3) and (4):

where Xc represents the crystallinity measured by DSC, 
�c = 1.00 g∕cm3 represents the density of crystalline area, 
�a = 0.855 g∕cm3 represents the density of amorphous 
region [28].

Results and discussions

Sintering efficiency

The powders of UPE-2, UPE-4 and UPE-6 were uti-
lized for exploring the influence of molecular weight on 

(3)Lc =
Lp × Xc × �

�c

(4)
1

�
=

Xc

�c

+
(1 − Xc)

�a

Fig. 3   The sintered state 
changes of C layer with differ-
ent powders and sintering time
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sintering efficiency by comparing the time required for 
completing the sintering. The number of white area or 
white dot of C layers was used to determine the degree 
of sintering completion. The results are shown in Fig. 3, 
in which the sample codes, UPE-x-yh, UPE-x repre-
sents the powder type and yh the sintering time. One 
can see that it is more difficult to complete sintering 
for the higher molecular weight grade. Figure 4 exhibits 
the DSC curves of samples with different TS and dif-
ferent positions. Because the low thermal conductivity 
of UHMWPE green compacts leads to the inner part 
reach to the set temperature slowly, the UHMWPE will 
undergo recrystallization in  amorphous region and melt 
in crystalline region, Tm and Xc will first increase and 
then decrease, as the chain-extended crystals [29, 30] and 
chain-folded crystals [31, 32] with the higher Tm and Xc

[33] exist in UHMWPE nascent powders. The test sample 
of UPE-4-1 h-C–c, where UPE-4 represents the grade of 
UHMWPE and 1 h represents the Ts and C–c represents 
the sample position, exhibits a double endothermic melt-
ing peaks at 137.3 °C and 145.3 °C, this is due to when 
the central temperature just reached the Tm of nascent 
UHMWPE, the green compacts were partly melted, the 
nascent state of UHMWPE was partly reserved. The Tm 
and Xc of UPE-4–1.5 h-C–c, UPE-4–1.5 h-C-b and UPE-
4–1.5 h-C-a are basically unchanged, so the recrystal-
lization Tm and Xc of UPE-4 are stable with the change 
of molten state time and temperature. Figure 5 shows 
the stress–strain curves of different samples dissected 
from UPE-4–1.5  h-C layer. The dumbbell sample of 
UPE-4–1.5 h-C-3, with some white dot defects in the 
center, was broken quickly, whose elongation at break 

is only 11.3% and Young’s modulus is 1097 MPa. Nev-
ertheless, the C-1, C-2, C-4, C-5 dumbbell samples of 
UPE-4–1.5 h-C show good mechanical properties that 
elongation is about 200%, Young’s modulus is about 
1200 MPa. So the complete sintering of UHMWPE thick 
products is critical.

There still existed the initial morphology of nascent 
UHMWPE in the UHMWPE thick products sintered for 
1.5 and 2 h, while it vanished for the sample with TS=3 h, 
as the Fig. 6 shows. It is because the middle temperature 
of products with TS=1.5 h and TS=2 h had not reached to 
220 °C. In order to ascertain the effect of prolonging sin-
tering time on the performance of UHMWPE thick prod-
ucts, the UPE-4 was sintered for 2, 3, 4, 5, 6, 12 h. The 
crystallinity, melting point, Young’s modulus, elongation 
at break, tensile strength and yield strength of UHMWPE 
thick products remained stable as TS ≥ 2 h, as the Fig. 7 
and Fig. 8 show.

The 15 stress–strain curves and 9 DSC curves of UPE-
4-3 h are approximately identical (Fig. 9), so the thick 
products at the axial direction (between A\C\E layers) 
and the radial direction (a\b\c everywhere) have good 
homogeneity.

In this sintering process, shortening the sintering time 
can be utilized as an effective method to improve the pro-
cessing efficiency. For UHMWPE with a higher molecu-
lar weight, the sintering time needs to be increased mod-
erately. When the UHMWPE thick products are already 
in a completely molten state and the central temperature 
reaches 220 °C , prolonging the sintering time will not 
changes the thermal properties and performance of the 
UHMWPE products.

110 120 130 140 150 160100

138oC

Temperature(°C)

60.4%

72.9%

65.1%

52.0%

52.7%

51.5%

En
do
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UPE-4-1h-C-c

UPE-4-1.5h-C-c

UPE-4-1.5h-C-b

UPE-4-0.5h-C-a

Fig.4   DSC curves of samples with different T
S
 and different positions Fig.5   The UPE-4–1.5 h-C layer stress–strain curves
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Influence of molecular weight on the properties 
of UHMWPE

To explore the influence of molecular weight ( Mw ) on 
the performance of UHMWPE thick products, the sin-
tering time was fixed at 3 h, which could ensure the 

homogeneity of UHMWPE thick products with differ-
ent molecular weights. The influence of Mw on the ther-
mal properties, hardness and mechanical properties of 
UHMWPE thick products is exhibited in Fig. 10. Every 
UHMWPE thick product was tested with 15 stress–strain 
curves and 9 DSC curves. It can be seen from Fig. 10 that 

Fig.6   SEM images of different sintering time: (a) and (b) 84–1.5 h-C–c, (c) and (d) 84-2 h-C–c, (e) and (a) 84-3 h-C–c
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the melting point, hardness and tensile strength are not 
changed with higher Mw , but the crystallinity, Young’s 
modulus, elongation at break and yield strength show a 
decreasing trend. Because the high entanglement den-
sity of higher Mw hinders chain mobility in the course of 
UHMWPE crystallization, result in Xc decrease, which 
affects various mechanical properties. The Xc decreases 
as the increase of Mw , but the hardness are basically 
unchanged, indicating that the critical factor affecting 
the hardness of UHMWPE products is not Xc  or Mw . 
Moreover, as the Xc decreases, the Young’s modulus 
and yield strength are decreased. Since chain entangle-
ment becomes more serious, the increment of molecular 
weight leads to a decrease in tensile toughness.

As shown in Fig.  11, the impact strength of thick 
UPE-4 products remains stable with the increase of sin-
tering time, which accords with the previous conclusion 
of the effect of Ts on performance of products. But with 
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Fig. 7   Changes of melting point and crystallinity with sintering time

Fig. 8   (a) Changes of Young’s 
modulus and elongation at break 
with sintering time, (b) Changes 
of fracture strength and yield 
strength with sintering time
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the increasing of Mw , the impact strength of UHMWPE 
thick products decrease. The Mw increases only about 
0.4 million g∕mol from UPE-2 to UPE-3, but the impact 
strength decreases about 37.5 KJ∕m2 . While the Mw 
increases about 1 million g∕mol from UPE-3 to UPE-4, 
UPE-4 to UPE-5 and UPE-5 to UPE-6, the impact strength 
decreases only about 13 KJ∕m2 . Combining Fig. 11 and 
Fig.  12a, it can be found that the decrease in impact 
strength could correspond to the increase in qmax value. 
Figure 12b exhibits that the decrease of impact strength 
corresponds to the increase of amorphous region thick-
ness and long period. Moreover, the increase of molecu-
lar weight also limits the movement ability and energy 
absorption capability of the UHMWPE chains, which is 
also the reason for the decrease in impact strength and 
elongation at break of the samples.

Fig. 10   Changes of (a) melting point and crystallinity, (b) hardness, (c) Young’s modulus and elongation at break, and d fracture strength and 
yield strength with molecular weight
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Fig. 11   Variation of impact strength with molecular weight and time, 
for the tested samples not broken in the impact toughness tests, the 
results are covered by a gray rectangle in the picture
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Conclusions

With the increase of sintering time, the homogeneity, ther-
mal properties and mechanical properties of UHMWPE 
thick products can be improved and will reach a plateau 
region. With the molecular weight of UHMWPE increases, 
the sintering time required for achieving homogeneous struc-
ture in thick UHMWPE product increased. After attained the 
structural homogeneous state, the tensile strength, Young’s 
modulus and hardness changed slightly, but the impact 
strength decreased continuously as increasing molecular 
weight. This work could be as guidance for actual produc-
tion of sintering-molded UHMWPE products, i.e., selecting 
suitable molecular weight and/or sintering time according to 
the mechanical performance required to improve sintering 
efficiency.
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