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T 
HE TERM morphology is used to denote the gen- 
eral relation of the physical behavior and 
performance of fats, oils, and shortenings to 

their crystal s t ructure and the molecular configura- 
tion of their  tr iglyeeride components. This report  
deals with the crystal t ransformations which occur in 
various common fats, the physical changes which take 
place dur ing  crystallization, tempering, and subse- 
quent storage under  different conditions, mid the 
effects of this polymorphie behavior on the per- 
formance of commercial fats in certain shortening 
applications. 

The subsequent discussion is based on the results 
of an extensive s tudy of five individual triglycerides 
and numerous samples of common commercial fats, 
including various types of ordinary lard and hy- 
drogenated lard, rearranged lard, tallow (beef),  
hydrogenated cottonseed and soybean oils of different 
iodine values, and the flakes of all these types of fats. 
The various crystal modifications it, which fats exist 
and the sequence of polymorphie transforlnations 
which they undergo were determined by correlating 
tbeir x-ray diffraction patterns with information 
obtained from cooling and heating curves under  
various (,xperimental conditions, from solubility de- 
terminalions in several organic solvents, and from 
observations by means of polarized-light nlicroscopy 
under carefully-controlled conditions. The Imrform- 
ancc of shortenings is dismlssc(1 in terms of the l)hysi- 
cal cbara(~t~,ristics of the w~rious crystal nm(lifications 
in which they have been found to exist. 

Polymorphic Transformations (1) 
The interpretat ion of tr iglyceride polymorphisnl 

can be divided into two quite distinct schools of 
thought:  the opinions supported by Malkin (2) and 
the concepts of Lutton (3). There has been consider- 
able controversy between these two major  view-points 
regarding the number of polymorphic forms which 
triglycerides exhibit, the names by which they should 
be desigmlted, and the criteria by which the forms 
shouhl be identified and differentiated. The wri ter  
has a t tempted to reconcile these conflicting inter- 
pretat ions and to explain more plausibly the effects 
of the polymorphie behavior on the performance of 
shortenings. 

After  examining more than 50 x-ray diffraction 
spectra of individual triglycerides and more than 300 
spectra of a wide var ie ty  of common commercial fats, 
the writer  has come to the conclusion that  these ma- 
terials exhibit the four  types of x-ray diffraction 
pat terns shown in F igure  1. Each of these spectra 
represents a specific crystal lattice which defines the 
molecular orientation in a definite and distinct poly- 
morphie form. The wri ter  has designated these forms 
alpha, beta prime, intermediate, and beta. Many fats 
and individual tr iglycerides exhibit all four  polymor- 
phic forms, but some tend to exhibit only two or three 
of the forms for certain definite reasons, which will 
be discussed subsequently. 

The x-ray spacings which characterize the various 
polymorphie forms by defining the lateral arrange- 

Alpha Beta Prime 

539 

Intermediate Beta 

Fro. l, X-ray diffrm;tion l)att(,rns of trigly(;eride polymorphs.  

meats of the nloleeuh~s in the crystal lattices are listed 
in Table I. The spacings given are av(,rages of all the 
spectra obtained for each crystal nmdifieation. AI- 
though there were minor deviations ~mmng the nmner- 
OHN spectra of ca(~h form, none of the observed 
spacings differed from the aw~rage by mor~, than at)~mt 
0.05 Angstrom nail.  ln<~lu(led in this tabh~' are the 
average spa(rings for each of the polymorl)hic forms 
published by Imtton (3). There is (,ssentially eom- 
l)lete agreement between the results o/)taincd by the 
writer  and those of Imtton regarding the alpha, beta 
prime, and bela forms. I t  is to be note(t that Ln t ton ' s  
B'-3 trod B-3 forms (lifter from each oth(,r in only very  
minor respects and both agree quite closely with the 
writer 's  intermediate form. 

The order in which the tr iglyceride l>olymorphs ave 
t ransformed successively from one to another has been 
established by stmty of the behavior of fats and their 
component tr iglycerides during ('ooling and heating. 
Typical  cooling curves are shown in Figure 2. If 
liquefied fats or triglycerides are alh)wed to cool with- 
out any stirring, vibration, or other agitation, they 
will tend to exhibit cooling curves similar to the lower 
one in the diagram, indicating that the material  has 
solidified completely in the alpha form. On the other 
hand, if liquefied samples are st irred or otherwise 
agitated during cooling, they will tend to exhibit be- 
havior approximating that shown by the upper  curve 
in the diagram, indicating that af ter  initial crystalli- 
zation in the alpha form the material has t ransformed 
more or less abrupt ly  to the beta prime form, in which 
form the solidification was completed. 

The relatively uniform behavior of fats and in(ti- 
vidual triglycerides during cooling is in contrast with 
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TAI~ LE I 
Charac ter i s t ic  Shor t  Spac ings  of Tr iglycer ide  Po lymorphs  ( in  Angs t rom u n i t s )  

Alpha Be ta  P r i m e  Intermedi :a te  Be ta  

L u t t o n  L u t t o n  This  work  L u t t o n  L,utton Th is  work L u t t o n  This  work  (f},, fl, 2)a (~ ,_3)a  (B, 3)a This work (fl,, ~,_2) a 

4.61 M 4.62 S 4.60 S E 4.57 VS 4.59 VS 
4.35 W 4.35 M-  4,39 W + 4.35 :M 4,22 V W  4.20 W 
4.20 VS 4.19 VS 4.16 :M + 4.15 S 4.12 2r + 

4.00 :M- 4.00 W + 4.00 M 
4.15 VS 4.15 ~VS 4.03 W 4.03 1~ 4.05 3/[- 

3.84 W 3,85 S 3.84 S 
3,80 S 3.80 S 3.78 S 3.75 S 3.77 S- 3.65 S , 3.66 S 

3.62 W + "L60 W + 3.63 M 3.50 ~u 3.50 V~V+ 

l~tensit ies of bands  are  indicated by the fo l lowing :  VS very strong,  S= slrong,  M - - m e d i u m ,  W - - w e a k ,  VW--~ ' e ry  weak. 
a Forms in parentheses  are L,utton's des ignat ions .  
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FI(~. 2. Cooling curves of f:lts ~md individua! triglyccridcs. 

their wn'iablc behavior on heating, as is represented 
by the series of (,'~rves shown i ,  F igure  3. The type 
of heating curve exhibited by a given sample at any 
par t icular  time depends on the polymorphic form in 
which it completed erysta]lization, the temperature  
and durat ion of the holding ( tempering) period, the 
rate of heating, and the molecular configuration of the 
components. 

I t  is possible in some cases in which the sample has 
solidified in the alpha form to heat the sample suffi- 
ciently rapidly  af ter  crystallization to cause it to melt 
without t ransformat ion to a more stable form. Ordi- 
nar i ly  however, even though samples are heated quite 
rapidly,  they will exhibit the behavior shown by 
Curve I. In  this case, shortly af ter  the sample has 
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:FIG. 3. I~e~ting curves of fats and individual triglycerides. 

reached its alpha melting-point and has begun to melt, 
t ransformation to the beta prime form occurs, the tem- 
perature  rises relatively rapidly to the beta prime 
melting-point, and the sample completes its melting at 
this temperature  without fu r ther  t ransformation.  I f  
the samples have t ransformed to beta prime by the 
time they are reheated, they may exhibit a heating 
curve similar to Curve II,  wherein the temperature  
rises direct ly to the beta prime melting-point and the 
samples simply proceed to melt. I f  the rate of heating 
is slightly less rapid than in the previous instance, a 
heating curve similar to Curve I I I  will be obtained. 
As before, the tempera ture  rises to the beta prime 
melting-point and the sample proceeds to melt. In  this 
case however, before the sample melts completely, 
t ransformation to the intermediate form is initiated, 
the temperature  rises again, and completion of melt- 
ing occurs in the neighborhood of the intermediate 
melting-point. As the rate of heating is fu r ther  de- 
creased, heating curves like Curves IV and V will be 
obtained. In such cases t ransformation to the inter- 
mediate form occurs relatively sooner. As the dura- 
tion of the beta prime form decreases, the greater will 
be the amount  of material in the intermediate form, 
and consequently the longer will be the temperature  
halt  at the intermediate melting-point. Some fats, 
held for a short time at room temperature,  exhibit 
heating curves like Curve VI, in which the tempera- 
ture rises initially to the intermediate melting-point ; 
then, a f te r  more or less melting, t ransformation to 
beta occurs, the tempera ture  rises to the beta melting 
point, and melting proceeds. Certain fats and most 
individual triglyeerides t ransfor  to the beta form dur- 
ing holding at room temperature  or dur ing  extremely 
gradual  heating. In this case they will exhibit heating 
curves like Curve VII ,  in which the temperature  
rises direct ly to the beta melting-point and melting 
proceeds. 

Cooling and heating curves are thus in terpre ted to 
demonstrate that  all fats and triglycerides crystallize 
from the liquid phase in the alpha form, t ransform 
more or less rapidly  to beta prime, and subsequently 
to the intermediate and /o r  the beta modifications if  
they are likely to exhibit these higher polymorphs, 
This sequence is irreversible. Once t ransformat ion to 
the more stable forms has occurred, lower polymorphs 
can be obtained again only by melting the sample, 
crystallizing the alpha form,, and repeat ing the 
sequence of transformations.  

The order of the polymorphic t ransformations has 
also been confirmed by determination of the solu- 
bilities of several fats and triglycerides in hexane, 
chloroform, ethyl acetate, and acetone. The series of 
solubility curves of the polymorphie forms of lard 
flakes in hexane shown in Figure  4 is quite typical  
although the slopes of the curves differ somewhat 
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F I G .  4. S o l u b i l i t i e s  o f  p o l y m o r p h i c  f o r m s  o f  l a r d  f l a k e s  i n  
h e x a n e .  

f rom solvent to solvent. When any of these solutions 
is cooled, precipitation of the solute always occurs at 
the alpha curve. On rapidly  reheating the mixture,  
it usually redissolves at this temperature,  but  if the 
precipi tated sample is held for a short time at tem- 
peratures  just  below the alpha curve, t ransformation 
to beta prime takes place, and the mixture  must be 
heated to the beta prime curve to effect solution. 
Similar t ransformations to the intermediate and beta 
modifications can be brought about either by holding 
the samples at successively higher temperatures  or 
by holding them at h)wer temperatures  for  longer 
periods of time. By carefully controlled heating, the 
entire sequence of solubility curves f rom alpha to 
beta can readily be obtained for certain fats and 
triglycerides. 

The succession of polymorphic t ransformations was 
also demonstrated by observation of the visible 
changes which occur during the heating of fats and 
triglycerides in the polarized-light microscope. A 
typical  series of observations on rearranged-lard 
flakes is listed in Table II.  Such examinations furnish 
conclusive proof that  each of the four  polymorphic 
forms actually exists. The fact tha t  crystals have 
been observed to grow in par t ia l ly  melted mixtures 
as the temperature  is being increased removes all 
doubt that  each polymorphic form is a separate and 

T A B L E  ] [ 

Obse r va t i ons  wi th  P( f la r ized-Ligh t  Microscopy 
R e a r r a n g e d  L a r d  F l a k e s  

( S a m p l e  Solidified w i t h  D r y  I c e  P r i o r  to Microscop ic  E x a m i n a t i o n )  

T i m e  T e m p e r a t u r e  Obse rva t ions  R e m a r k s  

ws 
0 
3 
8 

12 
20 
65 
75 
80 

i00 
125 
135 
140 
160 
180 
210 
225 
240 
260 

~  

49.8  
49.8 
49.9  
50.0 
50.2 
54.2 
54.4 
54.5 
54.7  
58.0 
58.4 
58.5 
58.7 
59.0 
60.2 
60.5 
60.8 
61.1 

Completely selid 
B e g i n n i n g  to me l t  
Pax t ia l ly  mel ted  
Crys ta l s  g r o w i n g  in me l t  
Abrup t ly  solidified 
B e g i n n i n g  to me l t  
Most ly  mel ted 
Crys ta l s  g r o w i n g  in mel t  
Completely solid 
B e g i n n i n g  to m e l t  
P a r t i a l l y  mel ted  
Crys ta l s  g r o w i n g  in mel t  
Crys ta l s  i n c r e a s i n g  
Completely solid 
B e g i n n i n g  to me l t  
P a r t i a l l y  mel ted  
Most ly  mel ted 
Completely mel ted  

a m . p .  

/~' m.p.  
fl' ) int .  

int .  

int .  m.p.  
i n t . .  ) fl 

fl m.p.  

T A B L E  111 

Melt ing  P o i n t s  of T r ig lyce r ides  (~ C.) 

T r i g l y c e r i d e  Alpha  

T r i p a l m i t i n  44.5 
Recrys ta l l i zed  46.0 
M a l k i n  (2)  45 (v i t . )  a 
Lut~on (3)  44.7 

T r i s t e a r i n  (5 )  53.5 
Reerys ta l l i zed  54.2 
M a l k i n  (2 )  54.5 ( v i t . ) a  
L u t t o n  (3)  54.0 

T r i e l a id in  (A)  15.8 
S a m p l e  ( B )  
L u t t o n  (3)  15.5 
W e y g a n d  a n d  
G r i i n t z i g  (4 )  15 

t-Oleoyl- 
2 , 3 - D i s t e a r i ~  30.4 
L u t t o n  (3)  30.4 

2-OleoyL 
1 ,3 - D i s t e a r l n  26.3 
L u t t o n  (3 )  22.4 

Be ta  P r i m e  I n t e r m e d i a t e  Beta  

56.5 
57.1 
56.0 ( a )  a 
56.6 

64.5 
64.7 
65.0 ( a ) a  
64.5 

37.7 
43.5 (~,-3)b 

62 

6 9 - 7 0  

70.0 (f l , )a  

44 .4  

45.0 
? (  

64.4 
66.4 
65.5 
64.4 

73.0 
73.2 
71.5 
73.0 

42.5 
43.60 ( f .p . )  
42.4  

42.0 

48.5 

36.7 50.7 
35 ( f~ ' -3)  b 44.3 (~--3) b 

a M a l k i n ' s  classif icat ion.  
b L u t t e n ' s  classif icat ion.  

distinct crystalline phase. Polarized-light microscopy 
has also proved that, contrary  to Malkin's  contentions 
(2) ,  the solid which first appears on cooling liquefied 
fats and triglycerides is crystall ine instead of vitre- 
ous. The fact  that  the initial solid phase refracts  
polarized light, as do the other forms, is proof that  
such solid does indeed possess a definite molecular 
orientation. 

The solidification and melting points of the various 
polymorphs carl be determined from the temperature  
halts in the cooling and heating curves, by extrapola- 
tion of the solnbility curves to 100% solute, and by 
direct otlservation with polarized-light microscopy. 
The melting points of some ilnlividual tr iglycerides 
are listed in Table I l l .  The more highly purified 
samples of tripallnitil~ and tristearin do not exhibit 
the intermediate fornl, and none of the samples of 
trielaidin seem to exhibit either the beta prime or 
intermediate forms. On the basis of melting points 
it appears that  Lut ton  had actually observed the 
intermediate form of both the oleoyl-distcarins ra ther  
than the fornls which he reported. 

Despite the fact that tile completely hydrogenated 
fats are known to consist of different mixtures of tri- 
glyceride molecules, their  melting points show a re- 
markable uniformity,  as evidenced by Table IV. The 
effect of variations in conlposition is more pronounced 
in the case of the plastic fats, as shown by the melting 
points listed in Table V. Tile fats containing more 
randomized triglycerides do not t ransform to the 
higher-melting polymorphs. The effect of tr iglyeeride 
composition is also indicated by the solidification 
points of hydrogenated cottonseed and soybean oils 
of different iodine values listed in Table VI. At  
iodine values above about 72 the oils tend to crystallize 
in the alpha form whereas those of lower iodine values 
tend to transforln to beta prime during solidification. 
A similar effect is observed on the addit ion of flakes to 
the plastic fats, as shown by the behavior indicated in 

T A B L E  I V  
Solidifieaticm and  Mel t ing  P o i n t s  of Complete ly  H y d r o g e n a t e d  

F a t s  (~ C'.) 

lurer  
A l p h a  m e d i a t e  B e t a  

I~ard f lakes ............................... I 50.0 I 53.2 [ 57.3 62 .4  
l~e~r ranged  la rd  f lakes ............ I 49.8 [ 54.5 [ 58.5 61.1 
Tal low f lakes  ............................ 50.0 54.3 58.0 60.0 
l~ear ranged- ta l low flakes ......... 49.7 ] 54.0 57.6 59.5 
Cot tonseed f lakes  ...................... 48.8 54.0 [ 57.5 59.6 
Soybean  f lakes  ......................... I 50.3 [ 55.0 r 59.4 62.7 
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Beta  1'rime In termed ia te  

Be ta  

F I ( ; .  5 .  P h o t o n f i c r o g r a p h s  o f  f n ~  c r y s t a l s  ( I n  p o l a r i z e d  l i g h t .  

T A  B ld4i V 

S o i i d i f i o a t i o n  a n d  M e l l i n g  l ' o i n t s  o f  l'lastie F a t s  ( ~  

Plastic Vat 

Ordinary lard . . . . . . . . . . . . . . . . . . . . . . .  
Hydrogenated lard . . . . . . . . . . . . . . .  
Cutting lard . . . . . . . . . . . . . . . . . . . . . . . . . .  
Rearranged lard . . . . . . . . . . . . . . . . . . .  
T a l l o w  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
5 9  L V .  cottonseed oil . . . . . . . . . . . .  
7 0  I . V .  cottonseed oil . . . . . . . . . . . .  
7 8  I . V .  cottonseed oil . . . . . . . . . . . .  
7 0  I . V .  Soybean oil . . . . . . . . . . . . . . .  
9 2  I . V .  soybean oil . . . . . . . . . . . . . . . .  

A l p h a  

22 .5 -23 .5  
2 4 - - 2 5  
1 9 - - 2 1  
2 0 - - 2 1 . 5  

2 7 . 5 - - 2 9  
2 1 - - 2 2  

1 9 - - 2 0  
1 5 - - 1 6  

Beta 
P r i m e  

2 6 - - 2 7  
2 8 - 2 9  
2 " 1 - 2 4  
2 3 - - 2 4 . 5  
3 3 - 3 4  
2 6 - 2 7  

2 3 . 5 - 2 4 . 5  
2 2 - 2 3  
2 4 - 2 5  
20 - -21  

I n . r -  
mediate 

3 0 - 3 1  
3 2 - 3 3  
2 7 - - 2 8  

2 7 . 5 - - 2 8 . 5  
"l 7 - -40  
3 0 - - 3 1  

2 s.g"-'~'9.5 

Beta 

3 4 ~ 3 5  
3 6 - - 3 7  

Table VII. The percentage of flakes required to effect 
transformation appears to depend on the proportion 
of unsaturated fatty acid components in the fat. An 
increased proportion of higher melting triglycerides 
evidently enhances the transformation to more stable 
crystal forms. 

These studies of triglyceride polymorphism provide 
a basis for reconciling Malkin's and Lutton's diver- 
gent interpretations. Highly purified individual tri- 
glycerides which contain only one specific fatty acid 
group evidently exhibit only the alpha, beta prime, 
and beta forms, as Lutton reported. Less pure sam- 
ples of these triglycerides and all those containing two 
or three different fatty acid groups exhibit all fore" 
crystal types, indicating that Malkin was generally 
correct, although his triglycerides are now known to 
have been relatively impure. Many of the fats (mix- 
tures of triglycerides) also exhibit all four polymor- 
phic forms, some exhibit only the alpha, beta prime, 
and intermediate forms, and others exhibit only the 
alpha and beta prime forms. 

Beta  ( a f t e r  l o n g  a g i n g )  

M a g n i f i e d  : ~ b o u t  2 0 0 x .  G r i d  l ines  r e p r e s e n t  1 8  m i c r o n s ) .  

On the basis of the present investigation it has been 
deduced that the extent to which transf(/rmation of 
the fats proceeds depends on the ease with which the 
molecules can fit themselves together to form the 
successively more closely-packed crystal lattices of 
the higher polymorphs. Similar molecules, such as 
those of the individual triglycerides and the highly 
hydrogenated fats, are able to fit closely together, 
and their crystals readily transform to the compact 
beta lattice. The assorted molecules of many fats find 
it more difficult to pack together so readily, and trans- 
formation to the higher polymorphs is impeded. Thus 
fats consisting of quite randomized assortments of 
triglycerides tend to remain practically indefinitely 
in the beta prime form. 

T A B L E  u  

t~elation of Iodine Values to Solidification Points of Plastic Fats 

Iodine value 

59  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
6 7  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

6 9  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

7 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
7{) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
71 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
71  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

72  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
7 4  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
77  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
7 8  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
8 5  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
8 5  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
9 2  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Plastic fat 

Cottonseed 
Cottonseed 
Cottonseed and soy- 

bean ( 5 0 - 5 0 )  
Soybean 
Cottonseed 
Soybean 
Cottonseed 
Cottonseed and soy- 

bean ( 5 0 - 5 0 )  
Cottonseed 
Soybean 
Cottonseed 
Cottonseed 
Soybean 
Soybean 

Solidification 
te,mpe.rature, ~  

Beta 
Alpha Prime 

2 6 . 4  
2 5 . 3  

2 5 . 0  
2 4 . 1  
2 3 . 7  
2 3 . 5  
2 3 . 1  

2 2 . 8  
1 8 . 3  
18.0 
1 7 . 3  
1 6 . 8  
1 6 . 6  
1 5 . 5  
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B e t a  Prime In termedia te  

1:~cta 

F r o .  6 .  P h o t o m i c r o g r a p h s  o f  p l a s t i c i z e d  f a t s  ( I n  o r d i n a r y  l i g h t .  M a g n i t i c d  a b o u t  200x .  G r i d  l i n e s  r e p r e s e n t  1 8  m i c r o n s ) .  

T A B L E  V I I  

E f f e c t  e f  Cottonseed Flakes on Solidification Points of Plastic F a t s  

S h o r t e n i n g  

ICearranged lard . . . . . . . . . . . . . . . . . .  
R~earranged lard . . . . . . . . . . . . . . . . . .  
P~a rr~n ged lard . . . . . . . . . . . . . . . . . .  
lr lard . . . . . . . . . . . . . . . . . .  
7 8  I . V .  cutting lard . . . . . . . . . . . . .  

7 8  I[ .V.  cutting lard . . . . . . . . . . . . .  
78  I . V .  cutting lard . . . . . . . . . . . . .  
7 0  I . V .  c o t t o n s e e d  o i l  . . . . . . . . . .  
7 0  I . V .  cottonseed oil . . . . . . . . . . .  
7 0  I . V .  c o t t o n s e e d  o i l  . . . . . . . . . . .  
7 0  I . V .  cottonseed oil . . . . . . . . . . .  
7 7  I . V .  soybean ell . . . . . . . . . . . . . .  
77  [ . V .  soybean oil . . . . . . . . . . . . . .  
77  I . V .  s o y b e a n  o i l  . . . . . . . . . . . . . . .  

(/r F : a k e s  

Solidification 
temperature, ~ C.  

Alpha 

2 0 . 4  
2 1 . 2  

19.0 
2 0 . 3  

0 
4 
8 

12  
0 
4 
8 
0 
4 
8 

12  
0 
4 
8 

1 8 . 0  

B e t a  
P r i m e  

2 4 . 9  
2 5 . 6  

2 5 . 2  
2 3 . 7  
2 4 . 5  
2 5 . 2  
2 6 . 0  

2 4 . 2  
2 5 . 5  

It now appears that Lutton's and the writer's classi- 
fications of triglyceride polymorphs differ from each 
other and from Malkin's original categories chiefly 
with respect to the names by which the respective 
forms have been designated, as indicated in Table 
VIII.  

Crystal Characteristics (6) 
Each of the triglyceride polymorphs possesses spe- 

cific crystal characteristics which are distinguishable 

under the microscope. These properties are largely 
responsible for the appearance and texture of fat 
products and exert a pronounced influence on the 
performance of shortenings in many applications. 

The microscopic appearance of various types of fat 
crystals is shown in Figure 5. Crystals of the alpha 
form are fragile, transparent platelets about 5 
micrt)ns in size. Since they are extremely transitory 
and require quite low temperatures to be kept long, 
they could not be photographed with the writer's 
equipment. The beta prime crystals are tiny, delicate 
needles which seldom grow to more than one micron 
in length. These are typical of the randomized fats, 
such as rearranged lard, tallow, and the hydrogenated 
cottonseed oils. Crystals of the intermediate form are 
somewhat coarser, tending to grow to about 3-5 

T A B L E  V I I I  

Classifications of Triglyceride Polymorphs 

M . P .  Malkin L,utton This report 

Highest Beta Beta Beta 
~, Beta Prime [ 8 ' - 3 ,  8 - 3  ] * Intermediate / Alpha Beta Prime Beta Prime 

L~west Vitreous Alpha Alpha 

a Inserted by the writer on the basis of his re-interpretation of L,ut- 
t o n ' s  published data. 
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Beta l~rime Intermediate 

Beta 

FIG. 7. Photomicrographs of cake batters (In ordinary light. Magnified about 200x. Grid lines represent 18 microns). 

microns in length, and to aggregate in sizeable clumps 
which tend to get gradually larger with the passage 
of time. These are typical of many of the flaked 
shortenings, particularly those in which soybean 
flakes have been incorporated. The beta crystals are 
quite large and coarse, averaging 25-50 microns in 
length, and growing to more than 100 microns after 
extended periods of aging. Clumps of these beta 
crystals can be a millimeter or more in diameter. Such 
clmnps are responsible for the appearance of visibly 
grainy shortenings. 

I f  fats are allowed to crystallize without any special 
attention, a more or less heterogeneous semisolid slush 
is likely to result. I t  has long been common commer- 
cial practice to plasticize fats by whipping air into 
them during crystallization, thereby producing whiter, 
creamier, smoother, and more uniform shortenings. 
Fats existing in different polymorphie forms incor- 
porate air somewhat differently during the plasti- 
cizing process, as shown by the photos in Figure 6. 
The tiny beta prime crystals incorporate a multitude 

of very small air bubbles about one micron or less in 
diameter. Air distribution in the intermediate fats 
presents a somewhat coarser pattern. Beta crystals 
are likely to incorporate relatively little air in the 
form of fairly large bubbles. The air-incorporating 
tendencies of fat crystals can be explained by analogy 
to the operation of the cutting blades of a meat chop- 
per. As the crystals pass the air-~at interface during 
the agitation of the plasticizing process, they chop off 
pieces of air; the finer crystals produce the smaller 
air bubbles. 

The air-incorporating capacity of fats has a direct 
bearing on their utility as shortenings, particularly 
in the applications which involve creaming. In Figure 
7 are shown some photomicrographs of standard cake 
batters made with fats in different crystal modifica- 
tions. The beta prime fats incorporate numerous rela- 
tively small air bubbles in the batter, the intermediate 
fats produce a somewhat coarser air-distribution pat- 
tern, and the beta fats produce relatively few, large 
air bubbles. Since the volume, texture, and tender- 
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ness of baked products  are essentially a direct func- 
tion of the number  and size of the air  bubbles in the 
batter,  the fats  in the beta prime crystal  modification 
produce by  fa r  the most desirable cakes and likewise, 
by the same principle,  the best icings. Fa t s  in the 
intermediate form produce slightly inferior,  but  
usual ly passable, creamed items whereas beta fats  are 
total ly unsat is fac tory  in any applicat ions involving 
the creaming phenomenon. 

P h y s i c a l  B ehav ior  of C o m m o n  Fat s  

The physical  behavior of the various commercial  
fats  can now be explained more plausibly on the basis 
of the occurrence of four  crystall ine forms than pre- 
viously in terms of their  existence in only three modi- 
fications. The subtle differences observed in the per- 
formanee of various shortenings with the passage of 
time are not consistent with the pronounced physical 
changes required by the previous concept of the t rans-  
format ion  f rom beta prime to beta. The gradual  
changes in the behavior of commercial  fa t  products  
can now be shown to be associated with their  t rans-  
formation through the previously overlooked inter- 
mediate modification. 

The relative rates of t ransformat ion  of the poly- 
morphic forms of various types of common fats  are 
shown diagrammat ica l ly  in F igure  8. This d iagram 

~-~) / / ~ / ~  -e 

12-- - - (1  

] I I I 
Time In A r b i t r o r y  Units 

:IVlG. 8. l {e la t i ve  rates o f  t r a n s f o r m a t i o n  o f  fa ts .  
Letters in lhe circles refer to the following: X---form during crystal- 

lization. ~ l~form after normal tempering. A ~ f o r m  after aging during 
normal storage. U - - f o r m  afler storage under  unusual  conditions. 

Numbers on the curves identify the following fats: l - - l , a r d  flakes. 
2 - -Soybean  flakes, a--Cocoa butter. 4 - -Ki l l ing  lard. 5 - -Par t i a l ly  
hydrogenated lard. 6 - - 0 r d i n a r y  lard. 7 - - H i g h  I. V. lard. 8 - -Re-  
arranged-lard ftak~s. 9 - -Cu t t ing  lard, partially hydrogonafe4 soybean 
oil (low I.V.). 10--Tallow flakes, cottonseed flakes, l l - - R o a r r a n g e d  
lard, ordinary tallow, partially hydrogenated soybean oil (high I . u  
partially hydrogenated cottonseed oil. 

indicates in a schematic way how the fats  change to 
successively higher-melt ing forms with the passage 
of t ime under  different conditions of t reatment .  The 
t ime scale is pure ly  a rb i t ra ry ,  merely  denoting the 
passage of time as it proceeds to the right.  The be- 
havior indicated is that  which is usual ly observed in 
the normal  course of ord inary  commercial operations. 
I t  nmst  be borne in mind that  the ra te  of t ransforma-  
tion depends on the rate  at which the fats  a t ta in  
equil ibrium with their  environment,  which in tu rn  is 
influenced markedly  by the size of the sample and  the 
degree of agitation. Transformat ions  which occur 
ahnost instantaneously in a few micrograms of fa t  on 
a microscope slide, and in a few hours in a test tube, 

may  require several  months in a 450-1b. d rum of fa t  
in a warehouse. 

The fats  at the left  in the diagram, those which 
t r ans form most readi ly  to the beta form, are the fats  
which consist of relat ively limited assortments  of 
different t r iglyceride molecules. Proceeding to the 
r ight  in the diagram, as t ransformat ion  to the higher 
crystal  fo rms  is re tarded,  the fats  contain grea ter  
assortments of triglycerides.  The fats  at the right,  
those which remain  indefinitely in the lower forms, 
are the fa ts  which contain the most randomly-  
distr ibuted assortments of f a t t y  acids in their  
molecules. 

When flakes are blended into fats  in the p repara -  
tion of certain shortenings, the products  general ly 
tend to exhibit  the polymorphie  behavior of the flakes 
which have been incorporated ra ther  than the normal  
behavior  of the base stock. Thus ord inary  hydrogen-  
ated cottonseed shortening flaked with lard  flakes or 
soybean flakes, instead of remain ing  in the beta prime 
form, exists in the intermediate form af ter  t emper ing  
and t ransforms  gradual ly  to beta dur ing subsequent 
aging. On the other hand, when flaked with re- 
a r ranged  lard flakes, tallow flakes, or cottonseed flakes, 
ord inary  cottonseed shortenings remain for  long 
periods of t ime in the beta prime form, t r ans fo rming  
very  gradual ly  to intermediate during aging;  and 
occasionally, under  very  unusual  storage conditions, 
some of these mixtures  might  t rans form to tlhe beta 
form. The behavior  of flaked soybean shortenings 
depends on the extent  to which the oil has been hydro- 
genated as well as on the nature  of the flakes. Soy- 
bean shortenings of higher iodine values exhibit  be- 
havior similar  to that  of the flaked cottonseed shortcn- 
ings whereas those of lower iodine values tend to 
behave more like ord inary  lard. The behavior  of 
flaked rea r ranged  lard shortenings is pract ical ly  
identical to that  of the cottonseed shortenings. The 
addition of any kind of flakes to ord inary  la rd  does 
little to niodify its  temleney to t rans form qnite rap id ly  
to the beta form. Re,arranged lard flakes, talh)w flakes, 
and cottonseed flakes tend to keep ord inary  htrd in the 
intermediate form for a little hlnger than normal,  but  
it still t r ans forms  to beta fa i r ly  soon nnder  normal 
storage conditions. 

C o m m e r c i a l  Proces s ing  of  S h o r t e n i n g s  

Since the most desirable shortening, s for  m a n y  pur-  
poses are those which exist in the beta prime form, 
it would seem to be a sinlple nlatter to choose the 
appropr ia te  fa t  for processing. Unfor tuna te ly  no 
na tura l  fa t  or oil normal ly  possesses all the required 
characteristics. Some commercial fats, such as the 
cottonseed and soybean oils and the tallows, contain 
sufiieiently randomized tr iglyceride components,  but  
the vegetable oils do not contain enough crystall ine 
solids at o rd inary  temperatures ,  and the tallows con- 
tain too high a percentage of solids. Lard,  on the 
other hand, contains fa r  too great  a homogenei ty  of 
tr iglyeeride molecules for the desired purposes.  

The vegetable oils can readily be hydrogena ted  to 
increase their  propor t ion  of solid tr iglycerides with- 
out destroying their  desirable molecular heteroge- 
neity. In this respect cottonseed oil can be hydrogen-  
ated to a grea ter  extent  than soybean oil. Some of the 
excess solids of tallow can be removed by  f ract ional  
crystall ization with or without  solvents. The molecu- 
lar heterogenei ty of lard  might  be increased by  par-  
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tial hydrogenation, followed by removal of some 
higher-melting components by fractional crystalliza- 
tion. However the best method of increasing the 
molecular heterogeneity of lard is catalytic interesteri- 
fication of its components. 

Besides having long been standard practice in the 
produc~ion of sbortenings, the incorporation of a cer- 
tain percentage of flakes not only seems to help im- 
prove the properties of the products but is required 
for the proper performance of shortenings in cream- 
ing operations. From all considerations it is concluded 
that cottonseed flakes possess the most desirable 
characteristics for practically all shortening pur- 
poses. Tallow flakes and rearranged lard flakes can 
be used i,lterehangeably with cottonseed flakes for most 
purpos(~s. Soybean flakes exhibit far  more undesirable 
properties, and lard flakes are quite objectionable 
from all considerations for use in any shortenings in- 
tended for creaming applications. 

The rate of crystallization of fats has a pronounced 
influence on the ultimate texture of shortenings. It  is 
imperative that crystallization be induced as suddenly 
as possible. When this is done, the molecules do not 
have sufficient time to form large aggregations, and 
consequently a multitude ()f very small crystals is 
formed throughout the solidifying mass. Such tiny 
crystals tend to incorporate innumerable, minute air 
bubbles during the plasticizing process, which is part 
of the chilling operation. The initial small size of the 
crystals and their separation by the air bubbles tend 
to prolong the time which must elapse before the 
crystals grow to undesirable size. 

Tempering is the process whereby fats attain the 
physical state il~ which ttley are normally utilized. 
During temperillg the crystals transform to the poly- 
morphie form :in which they normally exist under 
ordinary conditions. During this period the heat of 
transformation must be dissipated as rapidly as possi- 
ble. If  the fats arc allowed to retain this heat by 
virtue of their normal thernml-insulating capacity, an 
appreciable portion of the crystals might be melted, 
and the subsequent gradual cooling under normal 
storage conditions will tend to promote transforma- 
tion of the remaining crystals to the undesirable beta 
form. 

Although small packages of shortening are un- 
doubtedly tempered within the normal time, there is 
some question whether drum lots of all types of 
shortening are completely tempered under normal 
conditions in the time usually allowed. Many shorten- 
ings continue to change in structure over much longer 
periods. On the other hand, in the case of certain 
shortenings which exist apparently indefinitely in 
the beta prime form, normal tempering operations 
could be dispensed with. On occasion, some products 
are shipped immediately after filling without benefit 
of customary tempering, and frequently such products 
reach the consumer in perfectly satisfactory physical 
condition. Tempering merely involves a relationship 
between temperature and time. E'levated tempera- 

tures are not necessarily required for tempering still 
goes on at lower temperatures, albeit more slowly. 
Thus certain types of shortening wilI be tempered 
satisfactorily during the time which normally elapses 
while the products are being shipped and distributed 
to the ultimate consumers, provided that the tempera- 
ture is not lowered too greatly during the period. 

Even after careful tempering, reasonably con- 
scientious care must be exercised during the subse- 
quent storage of shortenings. Extreme variations in 
temperature must be avoided. Of course, certain fat  
products will withstand less careful treatment far 
better than others. The partially hydrogenated vege- 
table oils and the rearranged lard shortenings will 
retain their most desirable crystal form for many 
months at ordinary temperatures whereas at such 
temperatures ordinary lard transforms very rapidly 
to the undesirable beta form. Although vegetable oil 
and rearranged lard shortenings need not necessarily 
be refrigerated, their desirable crystal characteristics 
are undoubtedly preserved for longer periods at 16- 
18 ~ C. (60-65 ~ F.) Ordinary lard however must be 
refrigerated at perhaps 4-7 ~ C. (40-45 ~ F.) to in- 
crease the chances of retaining its intermediate form 
although it will probably transform to the beta form 
as soon as it is brought to room temperature. 
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