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Summary 

As-polymer ized  poly(L-lact ide) ,  (PLLA), has a much higher  impact  s t r en g t h  than  
a f t e r  compress ion moulding. Several rou tes  have been explored to f u r t h e r  
increase  the  impact  s t r eng th  of nascent  PLLA. F i r s t  r e su l t s  on the  p repa ra t ion  
of composi tes  wi th  carbon f ib res ,  the copolymerizat ion wi th  t r ime thy lene  
ca rbona te  and c -capro lae tone ,  the block copolymerizat ion wi th  rubbers  and the 
p las t i c iza t ion  wi th  ethyl ace ta t e  indicate  poss ibi l i t ies  to p repa re  much more 
impact  r e s i s t a n t  as -po lymer ized  PLLA mater ia l s .  

Introduction 

In the developement  of (degradable)  ma te r i a l s  fo r  use in or thopaedic  
appl ica t ions  such as bone f r a c t u r e  f ixa t ion  devices, much a t t en t ion  is focused 
on improving the  tens i le  s t r eng th  and modulus of these  ma te r i a l s  (1,2/. Higher 
tens i le  s t r e n g t h s  would increase  the  range of applicat ions,  the  pe rcen tage  of 
succesful  s t ab i l i za t ions  and perhaps  even allow the f ixa t ion  of f r a c t u r e s  in 
s t r e s s e d  p a r t s  of the skeleton. In addit ion,  a matching of the  m a t e r i a l ' s  
Young's modulus wi th  t ha t  of bone would minimize s t r e s s  shielding and bone 
resorp t ion .  But it  should be kept in mind however,  t h a t  the actual  fo rces  
act ing ac ross  the f r a c t u r e  and on the bone, as well as s t r e s s  concent ra t ions ,  
depend on the  dimensions and shape of the applied f ixa t ion  device. 
On the  o ther  hand many problems re l a t ed  to the b r i t t l enes s  of the  used 
ma te r i a l s  s t i l l  need to be recognized and solved (3,4,5,6). The fa i lu re  of 
r e so rbab le  s c rews  below the head is an of ten  occurr ing and major  complicat ion 
(7,8) which l imits  the use of such devices. New screw designs a t t emp t  to  
overcome these  less  adequate  mate r ia l  p rope r t i e s  (7,8,9,10). We believe t h a t  
high impact  r e s i s t ance  is essent ia l  in the succesful  appl icat ion of degradable  
ma te r i a l s  in f r a c t u r e  f ixa t ion  and any other  use where  dynamic loading takes  
place. 
It has a l ready been shown (11), t ha t  as -po lymer ized  PLLA shows high values of 
impact  s t r e n g t h  when compared to compress ion-  or inject ion moulded PLLA. It is 
our object ive to f u r t h e r  improve the impact  s t r en g t h  of the  a s -po lymer ized  
PLLA. In th is  paper  we wish to r epo r t  pre l imenary  resu l t s .  

Experimental 

Fib re  composites: In s i tu polymer iza t ions  of L- lac t ide  were  ca r r i ed  out in the 
presence  of carbon f ibres .  S t rands  of carbon f ib res ,  (GRAFIL, Courtalos Ltd.,  
Coventry, England) were  aligned in a small glass  cylinder open at  both ends. 
The f i l led  tube was then placed in one leg of an "inverted Y"-shaped 
polymer iza t ion  vessel.  In the o ther  leg, L- lae t ide  and ca ta lys t  were  brought  
in. Af te r  evacuation,  the  L- lac t ide  was melted in an oil ba th  and poured over 
the  f i b r e s  by t ipping the  polymerizat ion vessel.  The space be tween f i b r e s  was 
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f i l led  by applying Nz p ressu re  (1 atm). Polymerizat ions  were  ca r r i ed  out in 
the presence  of Sn-oc toa te  a t  120 ~ fo r  5 days. Dynstat  impact  s t r en g t h  
specimens (15x10x3 ram) were  machined f rom the as -po lymer ized  composite.  
Exper iments  wi th  PET and PLLA f ib re s  were  also ca r r i ed  out. 

Copolymers~ Copolymers of L- lac t ide  and c -cap ro l ac tone  (c-cl)  or t r imethy lene  
c a r b o n a t e  (TMC) were  p repa red  in the  melt  at  110 ~ wi th  s tannous  octoate  as 
the  ca t a ly s t  (12,13). The polymerizat ion t ime was  10 days. TMC was  p repa red  by 
depolymerizat ion of low molecular  weight  po ly( t r imethyleneearbonate)  (14), and 
pur i f ied  by r ec rys t a l l i za t ion  f rom sodium dried o-xylene.  Copolymer 
composi t ion was de termined  by 300 MHz 1H NMR. 

Blockcopotymers: As-polymerized blocky copolymers of 50/50 
L - l a c t i d e / a - c a p r o l a c t o n e  rubbers  and L- lac t ide  were  p repa red  in " inverted 
Y"-shaped polymer iza t ion  vessels ,  In one leg of the  polymer iza t ion  vessel  a 
50/50 mix tu re  of L- lac t ide  and c - eap ro l ac tone  was polymerized with s tannous  
octoate  fo r  a per iod of 3 hrs  a t  100 ~ At th is  point  the rubber  was st i l l  
f luid and could be mixed wi th  the molten L- lac t ide  f rom the o ther  leg of the 
vessel.  Polymerizat ion was continued at  d i f f e r e n t  t e m p e r a t u r e s  until  complete 
conversion.  Rubber f r ac t i ons  were  30% by mass. 

Plasticization: Specimens of 15x10x2 mm machined f rom a block of 
as -po lymer ized  PLLA were  placed in excess  ethyl ace ta t e  fo r  2 days a t  room 
tempera tu re .  The swollen samples  (14 mass 7o ethyl ace t a t e  absorbed) were  then 
dr ied  a t  40 ~ in vacuo fo r  varying per iods  of time. The poss ibi l i ty  of 
p las t i c iza t ion  by w a t e r  was also verif ied.  

Compression moulding and materials testing: Sheets of L- lac t ide  homo- and 
copolymers  (2x15x100 ram) were  produced by compression moulding the 
as -po lymer ized  mater ia l  a t  210 ~ fo r  5 rain and rapidly cooling down to room 
tempera tu re .  Unnotched impact  s t r eng th  measurements  were  ca r r i ed  out according 
to ASTM D256-78 (Izod) and DIN 53453 (Charpy and Dynstat)  spec i f ica t ions .  
Sample s izes  of compress ion moulded and as -po lymer ized  specimens fo r  Izod, 
Charpy and Dynstat  t e s t s  were  respect ive ly  60x12.7x4 ram, 50x6x4 mm and 15x10x2 
mm. 
Tensile t e s t i ng  was  done on an Ins t ron 4301 tens i le  t e s t ing  a t  a c rosshead  
speed of 10 ram/rain. The dimensions of the  samples were  50x6x4 mm. 

R e s u l t s  and  Di scuss ion  

A favoured method of manufac tu r ing  a r t i c les  f rom the rmoplas t i c  ma te r i a l s  is by 
compress ion-  or in ject ion moulding. Although this  technique al lows the mass  
product ion of ob jec ts  of many s izes  and shapes,  it  will a l t e r  the  original  
morphology, s t r uc tu r e  and p rope r t i e s  of the nascen t  bulk synthes ized  
poly(L-laet ide)  (i2). 

T a b l e  1: 
Mechanical p rope r t i e s  of poly(L-laet ide) .  

p r  e p a r a t  i on 
m e t h o d  

t e n s i l e  s t r e n g t h  

(MPa) 

b e n d i n g  
m o d u l u s  

(GPa) 

a s - p o l y m e r i z e d  60 5 
c o m p r e s s i o n  moulded  65 4 

impact strength 
C h a r p ~  D y n s t  a t  
( k J / m - )  ( k J / m  z) 

47 11-13  
12 2-4  
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In Table 1 i t  can be seen tha t  fo r  very high molecular  weight  PLLA tens i le  
s t r e n g t h  and modulus remain more or less unchanged a f t e r  process ing,  while 
impact  s t r e n g t h  dec reases  dramat ica l ly  a f t e r  compress ion moulding. 
Apart  f r o m  th is  loss in impact  s t reng th ,  o ther  mater ia l  p rope r t i e s  will be 
a f f e c t e d  by in ject ion moulding. Theohigh melt ing t e m p e r a t u r e  of PLLA requ i res  
the mate r ia l  to be moulded at  200 C or more, making it suscept ib le  to the rmal  
and hydrolyt ic  degradat ion.  Crysta l l iza t ion of PLLA in the cooling per iod of 
the process ing  cycle may lead to she l l -core  e f f e c t s  and also induce s t r e s s e s  
in the mater ia l .  Crysta l l in i ty  might  also change during s to rage  of the objec t  
a f t e r  product ion leading to var ia t ions  of mechanical  and thermal  p rope r t i e s  
in time. 
In the  case of L- lac t ide  bulk polymerizat ion,  c rys ta l l i za t ion  of PLLA takes  
place a t  e levated t e m p e r a t u r e s  over re la t ively  long polymer iza t ion  (and 
annealing) t imes.  The above mentioned d i f f icu l t i es  will t h e r e f o r e  not ar ise .  
Advantage of th is  s tab i l i ty  and of the super ior  impact  p rope r t i e s  may be taken 
when bone f ixa t ion  p la tes  and sc rews  are  machined f rom a block of 
a s -po lymer ized  poly(L-lact ide) .  Reaction inject ion moulding (RIM) is of course 
another ,  indus t r ia l ly  perhaps  more a t t r ac t ive ,  method of manufac tu r ing  
a s -po lymer ized  PLLA objects .  
We explored  a number of approaches  to f u r t h e r  improve the  impact  s t r e n g t h  of 
a s -po lymer ized  PLLA: 

Fibre composites  

The p repa ra t i on  of composi te  mate r ia l s  in order  to improve mechanical  
p rope r t i e s  of ma te r i a l s  has been widely invest igated and descr ibed (15). 
Compression moulding of PLLA/PGA f ib re  sys tems and s in te red  PGA and PLLA 
f ib re s  r e su l t  in high s t r eng th  and modulus mate r ia l s  wi th  improved impact  
s t r e n g t h  (3,4,16,17). Polymerizat ion of L- lac t ide  in the  presence  of high 
s t r eng th  f i b r e s  will resu l t  in a composi te  mater ia l  consis t ing of f i b re s  
embedded in an as -po lymer ized  PLLA matr ix .  
Although they a re  not degradable,  carbon f ib re s  were  f i r s t  used in a model 
s tudy to r e in fo rce  as -po lymer ized  PLLA. Complete f i l l ing of the space between 
the  f i b r e s  wi th  the monomer melt  was accomplished by the method explained in 
the exper imenta l  section.  

Table  2: 
Influence of molecular  weight  and carbon f ib re  r e in fo rcemen t  on the impact  
s t r e n g t h  of as -po lymer ized  PLLA. 

My C - f i b r e s  Impac t  S t r e n g t h  (Dyns t a t )  
( x l 0  -s )  ( w e i g h t  Z) ( k J / m  2) 

0.5 

1.0 

3.i 

3.3 
3.3 
5.1 
5.1 

7.7 
7.8 

0 
35 

0 
0 

34 
0 

36 
0 
0 

1.9 
6 .2  -+ 0 . 6  

10.8 +- 0 . 7  
10.8 -+ 2 . 0  
21 .8  j 4 . 5  
12.1 -+ 2 . 4  
62 .~  +- 1 . 9  
12.7 -+ I. 5 
11.4 
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From the  r e su l t s  p resen ted  in Table 2, it  can be seen tha t  several  f a c t o r s  
g rea t ly  inf luence the impact  s t r eng th  of the  mater ia l .  High molecular  weight  
of the m a t r i x  polymer r e su l t s  in the highest  values of impact  s t reng th .  
Incorpora t ion  of 35 Z by weight  of long paral le l  carbon f i b r e s  or iented 
perpendicular  to the d i rec t ion  of impact  g rea t ly  increases  the impact  
s t reng th .  A maximum value of 63 kJ /m z was obtained fo r  a ma t r i x  molecular  
weight  of 5x10 s. In the  presence  of voids in the ma t r ix  or in the case of 
incomplete f i l l ing,  much lower values are  obtained. 
Figure 1 is an SEM micrograph  of the f r a c t u r e  su r face  a f t e r  impact  t e s t i ng  of 
the most  impact  r e s i s t a n t  sample containing 36 Z carbon f ib res .  It can be 
observed t h a t  the  f i b r e s  a re  well embedded in the  polymer mat r ix .  The f ib re  
su r f ace  is well wet ted ,  and voids are  not  p resen t .  During f r a c t u r e  of  the  
sample, ma t r ix  debonding and carbon f ib re  pul l -out  has taken place. Crack t ip  
blunt ing and f r i c t iona l  energy diss ipat ion  account fo r  the high impact  
r e s i s t ance  (15). 

Figure h 
gEM \ mic rograph  of the  f r a c t u r e  su r f ace  a f t e r  impact  t e s t i ng  of an 
as -po lymer ized  PLEA/carbon f ib re  composite.  

These r e su l t s  indicate  t ha t  L- lac t ide  polymerizat ion in the presence  of carbon 
f ib re s  is quite succesful ,  and leads to composi te  ma te r i a l s  wi th  excel lent  
mate r ia l  p roper t i es .  Degradable f i b re s  are  cur ren t ly  being t e s t ed  in these  
appl icat ions.  Hot drawn,  high s t r eng th  PLLA f ib re s  may also be used fo r  th is  
purpose,  as i t  was found tha t  a t  t empe ra tu r e s  below 120 ~ the f i b r e s  were  
insoluble in the L- lac t ide  melt  (11,18). 

Copol ymerizatton 

Copolymerizat ion of L- lac t ide  wi th  c - cap ro l ac tone  re su l t s  in a decrease  in 
c rys ta l l in i ty  and mel t ing t e m p e r a t u r e  in compar ison to the homo 
poly(L-lact ide)  (19). Also the duct i l i ty  of the polymer increases ;  a h igher  
impact  s t reng th ,  higher  elongation at  break and a lower y ie ld-  and tens i le  
s t r e n g t h  were  observed (19). Unnotched Izod impact  s t r e n g t h s  of these  
compress ion moulded samples showed values of 0.34 f t l b / i n  (18.1 J /m) fo r  3Z 
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r  to 4.1 f t l b / i n  (219 J/m) fo r  10Y~ r  containing 
copolymers.  
In order  to compare  the  da ta  wi th  our resu l t s ,  we pe r fo rmed  the same unnotched 
Izod impact  t e s t s  wi th  as -po lymer ized  copolymers and found much higher  impact  
r e s i s t ance .  The as -po lymer ized  PLLA homo polymer had an impact  s t r e n g t h  of 575 
J /m  and a 6.9 Y. r  copolymer a value of 809 J /m.  Specimens wi th  
higher  r  conten ts  absorbed 1000 J /m and did not break, as the  
appara tus  could not be f i t t e d  wi th  a hammer exceeding 4J. In t r ins ic  
v iscos i t ies  in ch loroform at  25 ~ of our as -po lymer ized  copolymers were  in 
the  range  of 7-10 dl /g .  
Figure 2 shows the dependence of the Dynstat  unnotched impact  s t r en g t h  on the  
~ -capro lac tone  pe rcen tage  in the  copolymer. Both as -po lymer ized  and 
compress ion moulded samples  were  tes ted .  It can be seen tha t  fo r  a given 
composi t ion the  as -po lymer ized  mate r ia l  has a much higher impact  s t r e n g t h  than  
a f t e r  compress ion moulding. 
At low c - cap ro l ac tone  contents  impact s t r eng th  increases  s l ight ly  wi th  
comonomer content .  It can be seen tha t  impact  s t r en g t h  does not continue to 
increase  as more e - cap ro l ac tone  is eopolymerized although yield s t r e s s ,  
c rys ta l l in i ty ,  mel t ing t empe ra tu r e  and glass  t r ans i t ion  t e m p e r a t u r e  decrease .  
It is not  unti l  the  Tg of the mater ia l  approaches  room t empera tu re ,  t ha t  very 
high impact  s t r e n g t h s  can be measured.  At th is  point the mate r ia l  has low 
modulus and yield s t r e s s  (20). 
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F i g u r e  2: 
Influence of L- lac t ide  and c -c l  
copolymer composit ion on impact  
s t reng th .  �9 as -polymer ized ,  
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F i g u r e  3: 
Influence of as -po lymer ized  L- lac t ide  
and TMC copolymer composi t ion on 
impact  s t reng th .  

The case is d i f f e r e n t  when L- lac t ide  is copolymerized wi th  t r imethy lene  
carbonate .  Copolymers wi th  in t r ins ic  viscosi t ies  in the range of 8-10 d l /g  
were  prepared .  In Figure 3 it can be seen tha t  apa r t  f rom high impact  
s t r e n g t h s  a t  high TMC conten ts  when Tg approaches  room t empera tu r e ,  a very 
sharp  maximum in impact  s t r eng th  of 34 kJ /m ~ at  1.0 mole 7o TMC concent ra t ion  
can be observed.  The na ture  of th is  e f f e c t  is not clear ,  but could be r e l a t ed  
to the morphology of the copolymer. As-polymerized samples  with th is  high 
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impact  s t r eng th  were  found to be macroscopical ly  very homogeneous. At these  
low amounts  of TMC in the copolymer, the tens i le  p rope r t i e s  are  hardly 
a f f e c t e d  and remain as high as those of the a s -po lymer ized  homo 
poly(L-lact ide)  (20). 
Compression moulded samples  are  again much more br i t t l e .  

Blockcopol ymers 

Extensive  c raze  fo rmat ion  and /o r  shear  banding throughout  the  volume of the  
polymer account  f o r  the  very large increase  in impact  s t r e n g t h  in glassy 
polymers  where  a s epa ra t e  phase of d ispersed rubber  pa r t i c les  is p resen t  (21). 
A t w o - p h a s e  sys tem compris ing of a rubber  phase d ispersed  in a PLLA ma t r ix  may 
be obtained when a rubberblock is copolymerized wi th  L- lac t ide .  50 /50  
copolymers of L- lac t ide  and ~-capro lac tone  have low glass  t r ans i t i on  
t e m p e r a t u r e s  (13) and can be block copolymerized wi th  L- lac t ide  by f i r s t  
p repa r ing  the  50/50 rubberblock,  and subsequent ly  adding and polymerizing 
L- lac t ide .  

Table  3: 
Mechanical 
copolymers.  

p rope r t i e s  of blocky L - l a c t i d e / c - c a p r o l a c t o n e  and L- lac t ide  

5 0 / 5 0  L-1 a c / c - c i  p o l y m e r i z a t i o n  
r u b b e r  f r a c t i o n  (Z) t e m p e r a t u r e  

2 9 . 7  
3 2 . 6  
3 0 . 0  
2 9 . 4  
3 4 . 0  

(MPa) (X) 

100 2 9 . 7  90 
100 2 9 . 8  150 
110 2 4 . 9  180 
120 3 0 . 7  250  
140 3 0 . 8  1500 

Table 3 shows tha t  it  is possible  to p repa re  very ducti le copolymers in th is  
way. Relat ively low tensi le  s t r eng ths  but very high elongat ions a t  break of up 
to 1500 Z have been found. Charpy impact  t e s t ing  of the samples in Table 3 did 
not lead to f r a c t u r e .  Although the tens i le  s t r eng ths  are  lower than  t h a t  of 
our poly(L-lact ide) ,  it  has been shown tha t  succesful  s tab i l i za t ion  of 
mandibular  f r a c t u r e s  in dogs occurred  with PLLA of tensi le  s t r en g t h  37 MPa 
(22). 
In order  to ensure  homogeneous mixing of the  rubber  wi th  the molten L- lac t ide ,  
the  viscosi ty  of the  rubber  could not be to high. It was necessa ry  to add the 
the  L- lac t ide  a f t e r  the rubber  had polymerized fo r  a period of 3 hours a t  100 
~ It should be noted tha t  because of the d i f f e r ence  in reac t iv i ty  be tween 
L- lac t ide  and c - cap ro l ac tone  (23), at  th is  moment only a f r a c t i o n  of the 
e - cap ro l ac tone  had been converted.  
Control of the molecular  weight  of the rubberblock by addit ion of small 
amounts  of hydroxylgroup containing compounds, or the use of TMC in the  
p repa ra t ion  of the rubber  block may lead to b e t t e r  p roper t ies .  Other means of 
homogeneously mixing the rubber  with L- lac t ide  are  also under invest igat ion.  

P l a s t i c i z a t i o n  

Previously it was shown tha t  ex t r ac t ion  of PLLA with ethyl ace t a t e  resu l t ed  in 
the  fo rma t ion  of a more ducti le  mater ia l  (24). In comparison to the un t r ea t ed  
as -po lymer ized  PLLA the  tens i le  s t r eng th  was lowered and the elongation at  
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break g rea t ly  increased  (45 MPa and 105 Z respect ively) .  Also the r a t e  of 
hydrolyt ic  degrada t ion  and s t r eng th  loss was s t rongly  reduced.  This can be 
a t t r i bu t ed  to the removal of unreac ted  L- lae t ide ,  as was also shown by o the r s  
(25). 
Impact  s t r eng th  values of ethyl ace ta t e  e x t r a c t e d  P L L A  samples depend on the  
res idual  amounts  p re sen t  in the mater ia l .  Table 4 sl~ows tha t  high impact  
s t r e n g t h s  a re  obtained when 3 Z or more ethyl ace ta t e  remains  in the  sample. 
Fur the r  removal  does not lead to higher  impact  s t reng th .  The tens i le  s t r e n g t h  
of a sample containing 3.2 Y. ethyl ace ta te  was 28.8 MPa, the elongation at  
break was  19.6 Z. 
The poss ibi l i ty  of p las t ic iza t ion  of PLLA by wa te r  was also explored.  However 
the da ta  in Table 5 show tha t  wa te r  absorbt ion  does not lead to p las t i c iza t ion  
and an increase  in impact  r e s i s t ance  of PLLA. 

T a b l e  4: 
Plas t i c iza t ion  of PLLA by ethyl ace ta t e  a f t e r  an immersion period of two days, 
fo l lowed by drying in vacuo. 

d r y i n g  t i m e  r e s i d u a l  e t h y l  a c e t a t e  D y n s t a t  I m p a c t  S t r e n g t h  
( d a y s )  ( m a s s  Y.) ( k J / m  2) 

u n t r e a t e d  
0 . 5  
1 
4 
5 

16 
27 

u n t r e a t e d  
3 . 4  
3 . 0  
2 . 2  
2 . 0  
1 .6  
1 .6  

1 0 . 8  
2 3 .  2 
1 6 . 5  

t 1 . 1  
1 0 . 8  

8 . 9  

T a b l e  5: 
E f f e c t  of wa te r  absorb t ion  on the impact  s t r en g t h  of PLLA at  room tempera tu re .  

a b s o r b t i o n  t ime  w a t e r  i n  PLLA D y n s t a t  I m p a c t  S t r e n g t h  
( d a y s )  ( m a s s  %) ( k J / m  ~) 

0 0 1 0 . 8  
1 1.1 8 . 9  
2 1 .8  7 . 7  

C o n c l u s i o n s  

As-polymer ized  PLLA shows a much g r ea t e r  impact s t r en g t h  than compress ion 
moulded poly(L-lact ide) .  The impact  s t r eng th  of as -po lymer ized  PLLA can be 
f u r t h e r  increased  by polymerizing L- lae t ide  in the presence  of s t rong  and 
s t i f f  f ib res .  Copolymers wi th  t r imethylene  carbonate  show a very sharp  maximum 
in impact  s t r e n g t h  when 1.0 moleZ TMC is buil t  into the L- lac t ide  polymer 
chain. Block copolymerizat ion of L- lac t ide  wi th  rubberblocks  and 
p las t i c iza t ion  wi th  ethyl ace ta t e  also lead to high impact  s t r e n g t h  
as -po lymer ized  poty(iactides).  
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