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Abstract 

The dendrite coherency point, the fraction solid (f) at which the growing equiaxed dendrites 
begin to interact mechanically, has been determined in two commercial Al-Si-Mg alloys and a 
model alloy by rheological measurements and thermal analysis. At this point the semi-solid 
mixture starts behaving mechanically more like a solid, and defect generation, such as hot tearing, 
macrosegregation and porosity, is often ass umed to commence after this point. The effects of 
add ing grain refiner, of modifying the eutectic by addition of strontium to the melt, and of 
increasing the cooling rate have been investigated. It was found that a decrease in the cooling rate 
and the addition of grain refiner significantly increased the coherency point of the alloys tested. 
Addition of strontium appeared to reduce the grain size slightly, which led to a slightly higher 
f, at the coherency point. Addition of Fe to the model alloys does not change the coherency point 
apprec iably, but addition of Mg appears to increase the f, associated with dendritic coherency. 
The addition of grain refiner increases the coherency point for both the AI-7% Si and Al-ll % 
Si alloys, but appears to be more effective at increas ing the coherency point of the 7% Si alloy 
than the 11 % Si alloy. The res ults indicate that grain size , dendritic growth rate and constitutional 
supercooling correlates with the meas urements of dendrite coherency. 

Introduction 

Foundrymen desire light metal alloys that produce co nsistently sound castings. However, 
determining the castability of an alloy remains pan art and pcu·t science. There are potentially 
many factors bes ides the alloying elements that influence the soundness of a commercial casting, 
including melt superheat, cooling rate, gas content. condition and design of the mould, and 
temperature of the mould . The cun'ent research is an effort to investigate and characterize the 
castab ility of an alloy based on measurements that can be easily performed in the laboratory . The 
coherency is defined as the fraction of the melt solidified (fJ when the tips of the dendritic 
crystals in the melt begin to impinge upon each other. At thi s' point the dendrites interact both 
mechanically and thermally by forming an increas ingly interconnected dendritic network . 
Depending on the shear strength of thi s network , the solid will become stationary , forcing the 
liquid melt to flow through the porous structure in order to feed the solidification shrinkage 
ex pected durin g solidification of most commercial aluminium alloys. It is not difficult to 
understand the s ignificance of a low f, at coherency. The feeding of cenain regions of the casting 
may become problematic , leading to poros ity problems, if the applied press ure or hydrostatic head 
is ins ufficient to force the melt through the interdendritic network[ I 1. Changes in the heat and 
mass transfer may also lead to hot tearing with a decreasing coherency point[2). Therefore, the 
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coherency point may be an important indicator of alloy castability. Finally, the dendrite coherency 
point can be determined accurately by simple laboratory experiments[3-61. The technique ha~ 
been applied here to deteremine the effect of cooling rate, grain refinement, modification by S~ 
and alloying of two important Al-Si foundry alloys. 

Experimental procedures 

The commercial alloys were provided by Fundo a.s. An AI-lO% Sr master alloy was added t(,) 

the commercial alloys to modify the eutectic microstructure. A commercial 5: 1 AI~Ti-B maste~ 
alloy was used to promote grain refinement. The contact time was .30 1l1inutes and the melt wa~ 
stirred for 10-15 seconds two minutes prior to pouring the test samples. 

The model alloys started with pure (99.995%) aluminium. Commercially pure silicon anq 
magnesium and an AI-7.5% Fe master alloy were added as alloying additions. Two base model 
alloys were created by adding silicon to pure aluminium. The AI-7% Si and AI-II % Si model 
alloys were further alloyed by successively adding 0.14% Fe, 0.20% Mg, 0.05% Ti and 0.12% 
Ti to the AI-7% Si model alloy and 0.14% Fe, 0.16% Mg, 0.06% Ti and 0.15% Ti to the AI-lI% 
Si model alloy. The amount of the alloying additions were chosen to reproduce the composition ~ 
of the commercial alloys. 

Coherency Measurements 

isolated 
furnace stand 

Figure I. Schematic illustration of 
the rheo logica l setup . 

The coherency point for each of the test 
samples was determined using both 
rheological meas urements and thermal 
analysis. Figure I shows the configuration 
used to measure the coherency point 
rheologically. A preheated graphite crucible 
is filled with the melt sample and fixed on 
a test stand within a resistance furnace. A 
calibrated type K thermocouple and a 
preheated steel stirring paddle were both 
immersed I cm into the melt. The st irring 
paddle is attached to a rheometer that 
rotates at 0.05 rpm. Both the rheological 
anel temperature data were collected by a 
computer for later analysis. Three different 
cooling rates were obtained by cooling the 
sample within the furnace (0.3 K/s), by 
removing the furnace from around the 
sample and cooling in air (0.7 K/s) and by 
blowing pressurized air onto the crucible 
(3.0 K/s). The rheological coherency point 
was determined graphically by examinin g 
a graph of the change in the torque measurement with fraction solid (dTq/df" where Tq is the 
measured torque) vs. f,. The f, was calculated by analyzing the temperature data using a computer 
program developed by Tamminen[S]. 

The thermal analysis used two thermocouples, one in the center (TJ and one adjacent to the wall 
of the crucibl e (T w)' The procedure is exactly identical to the method developed by Biickerud 
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et.a1.[7]. The lTiinImUm of T w - To vs. fs is identified as the coherency point, as described by 
Tamminen[5]. Both thermal analysis and rheological measurements was repeated three times each 
with a new melt sample . The final rheological and thermal coherency points are an average of 
the coherency points obtained for each of the three tes ts. 

Metallography 

The grain size for each of the alloys studied were obtained by casting samples under identical 
experimental conditions as were used during the thermal analysis. The samples were sectioned 
at the same depth as the thennocouples were immersed, anodized in an electrolyte [7] and viewed 
under an optical microscope. The linear intercept method was us ed to measure the grain size. 

Results and discussion 

Two commercial foundry alloys, with 7 and II % Si, were the basis of this investigation , which 
was further extended to include model alloys with lower levels of impurities. The effect of grain 
refinement, cooling rate, trace e lements and eutectic modification have been explored. 

Table I shows the main constituents from the chemical analysis of the twO commercial alloys . 
The commercial 7% Si-alloy is similiar to a 356-type alloy. As shown in the table, both alloys 
initially contained some titanium (-0. 12%) . This must be taken into consideration when 
experimental resu lts are evaluated. 

Table I. Main cons tituents of the commercial alloys r wt% J 

I Sample I Si Fe Mg Ti 

AI-7%Si 6.80 O.IS 0.174 0.129 

Al- II %Si 11.20 0.1 3 0.172 D.117 

Figure 2 shows a comparison of the coherency res ults from rh eo logical measurements and thermal 
analysis, in addition to meas ured grain size, as a function of the cO lltent of grain refiner in the 
two commercial alloys. The grain size shows the expected decrease when the content of grain 
refiner increases , with a corresponding general trend that fraction solid at the coherency point 
increases. The curve from rheological measurements of the AI-7%Si alloy has a maximum at 
0.05% Ti, which is difficult to interprete. Increas ing grain refining implies that a larger number 
of grains are nucleated and grow at a lower rate . This occurs when the partitioned elements cause 
a reduced growth rate, because the impurities pile-up in the diffus ion layers ahead of the growing 
dendrite tips. More segregation is also the explanation to the e,u·lier coherency in AI-II %S i than 
in AI-7%Si [8]. The equiaxed dendrites in a grain refined alloy nucleates and grow at a lower 
umiercooling with a corresponding lower growth rate and larger tip radius than in the unrefined 
alloy, with the s lmollndings more saturated in most alloy elements. The tips will hereby impinge 
at a later stage of growth, which corresponds to a postponed coherency point. More abrupt 
increase in fraction solid at coherency are observed for the first titanium addition s than for the 
next. As is noticed in figure 2, rheological measurements and thermal analysis experiments do 
not give the same fraction solid at the coherency point, although they are close and show similiar 
trends. Difference in measuring technique and critical conditions might provide an explanation. 
In rheological measurements mechanical strength , through friction between the grains, is the 
physical critical condition, whereas in thermal analysis increased heat flow, conduction vs. 
convection, is the main issue. Figure 3 shows the s tructural differences between not-grain refined 
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Figure 2. Effect of grai n refinement on the coherency point. measured by therma l ana lys is and 
rheology. and grain size in a) Commercial AI-7%S i ane! b) Commercial AI- II %S i. [0.7 K/sj 

Figure 3. Micrographs showing the effect of grain refinement in commercial AI- 7% Si . a) not 
grain refined and b) grain refined with 0.20% Ti. 

Figure 4 shows the effect of cooling rate on dendritic coherency in the commerc ial alloys. In both 
alloys an increase in coo ling rate gives a decrease in the grain size and an earlier coherency 
point. Increasing the cooling rate increases both the grain density and the dendritic growth rate. 
This effect is explained by an increase in melt undercooling res ulting in activation of more 
numerous nuclei, and that the growth rate of the primary equiaxed dendrites essentially is 
controlled by the imposeduntiercooling and heat flow. The increase in the dendritic growth rate 
appears to dominate over the reduction in grain size , which explains the decrease in fraction solid 
at coherency with increasing cooling rate. Differences between the 7% Si and II % Si alloys are 
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largely due to the difference in consti tutional conditions ari sing from the growth restriction from 
Si and a smaller freezing range , which red uces the effect of the cooling rate and the power of 
the grain refiner in Al- II % Si. Figure 5 shows examples of the structural changes experienced 
when coo ling rate is increased. 
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Figure 4. Effect of cooling rate on dendrite coherency , determined rheologically, and grain size 
in a) Commercial AI-7%Si-0.05%Ti and b) Commercial AI- II %Si-0.05%Ti. 

Figure 5 . M icrographs showi ng the effect of cooling rate in commercial Al- 7% Si. a) 0.3 KJs 
and b) 3 K/s . 

The effect of a eutectic modifying addi tion of 200ppm Sr to the commerci al alloys, grain refined 
with 0 .05% T i, are shown in Table II . Eutectic modifiers are added to commercial alloys to 
improve the mechanical propenies by changing the Si-phase from a platelike to a fibrous 
morphology. Modi ficat ion also decreases the grain size in Al-S i alloys by increas ing the 
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nucleation temperature and g ives a lower eutectic tempe rature and a hi ghe r eutectic composition, 
leadin g to a longer freezing rangel8]. As is observed from Table II , cohe re ncy is de layed in both 
alloys when they are modified . Thi s might be expla ined by the inc reased effectiven ess of the 
grain re finer. Therefore , the coherency point might be increased by the reduced grain size. This 
explains why the effect of the modifier on the coherency point is sm a ll , because the grain size 
does not c han ge ve ry much with its additio n. 

Ta ble II. Effect of a 200ppm Sr additio n on coherency parameters in the two commerc ial 
alloy's, grain refined with 0 .05 % Ti . [0.7K/s j . f,eoh is fraction solid at the cohere ncy point, 
Teoh is the temperature at the coherency point, teoh is the time e lapsed from nucleation to 

coherency and t.T I de notes the tempera ture difference between nucleation and coherency. 
CO I 

A ll oy and additions f eoh , T l.:tlh 
tt.:ll h t. T eoh 

(%) ("C) (5) 

AI- 7% Si- 0.05%Ti 20.5 609 .5 35 .9 8.7 

+ 200ppm Sr 22.9 606.0 35.0 13 .0 

A I-I I %S i-0.05 %Ti 13.3 5X 1. 5 23. 1 5.7 

+ 200ppm Sr 16.4 575 .1 30.4 12.4 

Figure 6 shows the cohere ncy points for the model a ll oys w ith s uccess ive addition s of iron , 
magnes ium, 0 .05 % t itanium , and -0. 14% Ti to the same me lt. T he s tarting points are pure binary 
A I-S i alloys and the compos ition of the last mode l all oys is ident ical w ith res pect to the main 
all oying e le me nts to the cOlllmerc ial all oys, but w ith lesser amou nts of impuri ties and trace 
elements. The general e ffec ts and differe nces observed in Fig ure 6 can be interpre ted by 
considering how the addition s influe nce the governin g so lidifi ca ti on patte rn . Small add itions of 
iron seems to have little effect on co here ncy, w hile the magnes ium addition de lays the cohere ncy 
POlJ1t somewha t, indicating e ither a chan ge in grain de ns it y or de ndrite g rowth rate. For sm all 
leve ls of addition, be low the solid so lubility limit , th e growth rate of elJu iaxed dendrites has been 
shown to be inversely proporti o nal to mCo(k- l ) [9[ . Iron ha s a product Ill (k- I) o f 2.9, ma gnes iulll 
4 and Silico n 5.5. A re lative ly unaffected cohe re ncy point w ith an additi o n of 0 . 14% iron and a 
delayed coherency poi nt for -0.20% Mg is in accordance with Mg bei ng mo re e ffective in 
suppress in g the dendrite growth rate. G rain refinement has the same e ffect as in the co mmerc ia l 
alloys: and the sallle di scuss ion appl y. In the II %S i-all oy w ith additi o ns o f iro n and 0.06% Ti 
some Irregular dev iatio ns ,u'e observed be tween the cohe re ncy po ints de rermined by rheo logy and 
thermal analys is. 

Tables III and IV present a sUlllmary of the ex pe rimellt al resu lts prese nted in thi s article, in 
addition to other related coherency parame ters. As shown in the tab les the rheo logica lly 
determ ined cohe re ncy fraction so lid is q uite reproducib le. The tables a lso shows th at with g rain 
refine ment a postponed co he rency po illt is accompani ed by a lowe r co he re ncy temperatllre(TCOh) 
and inc reases in temperature c1iffe re nce(.o.T eoh) and e lapsed time( te.",) be tween nuc leati o n and 
coherency. Inc reased coo lin g rate g ives lowe r cohe re ncy temperature <Ind inc reased .o.Te"h and tenh 
accompany ing earlier cohere ncy. 
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Tab le III. Results from rh eo logica l meas urements a III I thermal analys is cO l11merc ial alloys . . . 
Alloy Rheologica l measuremenls Thermal ana lys is, average 

results 

Exp.1 Exp.2 Exp_) fs t:oh T t:t)h f S\';\l h T (;oh 
tl,;o h t. Teuh 

(%) (%) (%) C%) ("C) (%) ("C) (s) 

COMMERCIAL ALLOYS 

AI-7%S i 19.X I X.) 17.2 I X.4 607 .6 IX.) 610.3 29. 1 6.8 

+O.05 %Ti 23.X 24.7 24.7 24.4 ()0 3.:'i 20.:'i ()()9 :'i 35 .9 X.7 

+0.20%Ti 20.5 20.5 22.5 2 1.2 605.2 2(1.2 6OX.O 4 1.4 12.6 

AI-I I%S i 14.1 II. X 10. ) 12. 1 :'i7X.O 10.7 :'iXO.7 2 1.0 1. 5 

+O.05 %Ti 17.6 16.5 16.8 17.0 :'in 9 I:U 5X 1.5 23 .1 5.7 

+O.20%Ti 21.4 22.1 19.0 20.X :'i74. 1 16.0 5X2.3 26.8 7.7 

7Si-O.05Ti 24.4 27.2 27.5 27.:' 611.7 
0. 3K/s 

3K/s 14.0 14.5 14.5 14.:' 604.:' 

IISi-0.05Ti 19.2 19.0 16.7 I x.:, 579.9 
O.3K/s 

3K/s 16.X 16.7 I X.O 15.9 570. :' 
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Table IV. Results from rheological measurements and thermal analysis, model alloys. 

Alloy Rheological measurements Thermal analysis, average 
results 

Exp.1 Exp.2 Exp. 3 f eoh , Teo" f,coh Tcnh 
tcoh ATeo" 

(%) (%) (%) (%) (OC) (%) ("C) (s) 

MODEL ALLOYS 

AI-7Si 16.5 16.4 16.0 16.3 609.6 19.4 60S.4 33.7 4.4 

+0. 14% Fe 13.5 18.0 17 .9 16.5 6 10.3 19.3 610.6 29..4 2.5 

+0.20% Mg 19.2 19.5 20.3 19.7 609.2 20.7 610.4 31.4 2.7 

+0.05 % Ti 23.8 23.2 24.5 23.S 607H 23.9 609.2 37 .5 6.2 

+0. 12% Ti 24.0 25 .5 26.5 25 .3 606.S 25 .5 60S. 3 40.1 8.7 

AI- II Si 9.6 10.1 12.6 10.8 579.4 11.7 58 1. 1 20.2 -0. 1 

+0.14% Fe 10.2 7.8 10.3 9.4 580.2 13.6 58 1.5 2 1.1 -0.7 

+0. 16% Mg 14.4 13.8 14.9 14.4 518.6 15.5 58 1.2 23.6 -0. 3 

+0.06% Ti 15.9 17. 1 16.2 16.4 579. 0 14.9 58 1.4 24.3 1.7 

+0. 15% Ti 17.X 16.3 17 .5 17 .2 579.7 16.5 58 I:X 27.7 2.2 

Concl us ions 

Measurements of dendrite coherency can be related to the gove rn ing cO llS titttti onal and growtl) 
conditions, bas icall y as a compromi se between density of grains and dendrite growth rate. T h(; 
results show th at increas in g grain refinemelll postpones coherency, increased coo ling rate g i ve~ 
earlier coherency, mod ificat ion a sli ghtl y postponed coherency and minor all oy ing add iti on ~ 
seems to have an effect corresponding to their growth res tri cting effects. 
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