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D9 oo plp diz (2STly ey 09 pl
A+2B—Product
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NO, +CO — NO, +CO,
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pedlstn &5 (Jyge 50 el jada STy a2 )0 09b o0 plp i STy Sy 09h plp g0 B

a0 o0 S |) (o o) 4z 098 2l g0 STy Co s
A+2B—Product
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k=ATmexp(;—g) 0<m<3 \p)
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22 Rate constant
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k=Aexp(
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E
. » BT _ Ink L+InA
In| k=Ae RT

Ink o i
Aplotofinkvs U'Twill

have a slope of -E_/R
and a y-ntercept of In 4
17T
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Inl 30 1= 8312 \(7ax273 837 273) ~ @ = 4220002

g oo ol g0 ey Sl ‘5{ch ax>

Kk, [ 2Kk, E 1 1
(N k., =2k, (2) In|=i=ln—|= | ———
]\_ k -]\.:. 'k: ! R Tl T»I
107
50.2 kJ/mol = _I
@) == —— I 400K
R > 2 J
8.314
mol-K
) 1)
(4) In(2)=0.693 =6.04x10"K x [.‘OSK—T—:,’

1 ~3ge=l
(5??::3_:4-10-1\ — Tz=308K‘

M eglite raz yo b e g Y olro ol s bl

Sl Al bS50 (A U o) Gglate sloaz o L ce s SV 0lee Ll a0 laily,

dx/dt= k (a-x)° n=0 =48 = k[a]°

dx/dt = k (a-x)! n=1 = = kpar
dx/dt = k (a-x)? n=2 =8 = k[a)?
dx/dt =k (a-x) (b-x)  n=2 =~ = k[A]'[B]
dx/dt = k (a=x) (b-x)>  n=3 =2 = k[A][B]?

Lol 55 S sloyially e 4 (Jwnilyhes @Yoles Jo ol

23 Differential forms of rate laws
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dx t=0,x=0

a=k(a—x)°=k—>dx=kdt—>x=kt+c————>c=o,x=kt

oaind yuiSly olge wlul p oo a0 b Cae s dolre J> -V -0

rate of reaction =| - LdAT_ k[A]
1 d[A a dr
CLAAT L giA)-—akdr o [A]=[A], —aki

a dr
Cae s Call B yre 0500 o 098 paoy (V) JSK0) Lod s otio yiaSTly cdale Jloges a5 g0 40
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24 half life
2 Infinite time
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(Al Expression [A]=[A], —akt

1s called the integrated rate law
for zero-order reactions

[A]—

concentration-time graph is a
straight line with a negative
slope

te
Time— |

o a0 b 2iiSTly Gl Gl s oaims STy cdale logai -VY IS

1SS bl (0S dslone | jos e (b pelys oS S50 50 w0l Jo dlolee ulal

B[

1 —_
3 2 5 2k
[Alo [Alo
t=tu A=~ =2k
03,51,8 bl 5 G ax 0 b ey dlolre > -V-al
& r@-wt = = kdto -1 kt+c —— ¢ = —Ina, In(——) = kt
—_— = — - = - — — =  — = — =
Tt (a—x) @ n(a — x) C C na, n(a — X)
onipd STy dlgs Lwlw! 5 G a0 b Ceyuw dolan > -Y-0
A v am=-na
In [A]=-Kjt+c
atr=0 [A]=[Als boundary condition
¢c=In[Al

In [A] ==Kkt +1n [A],

In ﬁ} =—kt [A]=[A], e ¥

et [B]=[Al.—[Al =[Al (1 - e7Kih

sl

[Alo In2

t=t1 o [A]l=—7"->ot1=—
2 2 7 k

_ [Alo _In2
t—t%—>[A]— > t%_ak
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1st Order Reactions

[A] In [A],

In[A]

[Al )

> »

ty; t t

Jol a0 b oaaSls sl loy s o odimo STy clale jloges -VY S

dows —All il od 0 Jae Vo sgam A adgl Clale aST S 90 10 op) e a0 STy jo (L
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x =kt x=0.02%20=0.4mol/L
[A] = [Ap] — Kkt 1—-0.02 x 20 = 0.6 mol/L
1-0.6=0.4 0355l ,8 clale
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Step 1: Determine the magnitude of the rate constant. k.

In2  0.693 K = In2 _In2

t =——=—7 t, 180s

1
2

=0.00385s7"

y

Using the integrated rate law. substituting in the value of k and 900s we find:

[A] -kt [‘\] = e—ooosss s~ x 900 5

—_— =0.0312
[‘.\]o [‘A]o ”

Since the ratio of [A] to [A], represents the fraction of [A], that remains. the
% 1s given by:

100 x 0.0312 = 3.12%|

Al £F j0 oole dejo FA ST Jgl ax )0 Sy SO sl ) joe dod Loy 0sS acle (Jlie
A5k eoly STy

1) 68% reacted means 32% remains: In A = -kt + In A, In032=-k(66s)+1In1

k=0.0172642 5!
2) For the half-life: In 0.5 =-(0.0172642s) (t)+In1 t=4 s

Or
e In2 [ —4
1% oo013”*°
00)9‘)5 L)"’L“" 9o 4?)0 l; M.C).u) Joles J? Y-l
dx I ) dx kdt 1 Kt + t=0,x=0 1 Kt X
—_—= — - = - = — == > =
dt @=% (a—x)? (a—x) ¢ ‘T3 a(a—x)
OMQJJB 90 9929 g 00)9‘)5 ‘J»L.u‘ P 9o 4.?)& l; M.C)M) aJoleo J? —Yl—g‘)
dx dx (a—x) t=0,x=0
a—k(a—x)(b—x) - IO —kdt—)lnm+c— (a—b)kt——

Yy



1 a b (a—x)
c=a_bln(g)—>(a—b)kt=;1n(b_x)

2 A+B— product dx/dt = k (a-2x) (b-x)

ouid S ly olge wlwl p 9o a0 b Cue pus dloles Jo -Y-0

d[A] KTAT2 d[A] dt 1 Kt + t=0,[A]=[A0] 1
_ = - = — - — = = 4
ac - AT ap ]~ e “= 0]
L kt+ !
[A] [AO]
Second-Order Reactions: n = 2
1dJA 5
rate of reaction = _1diAl_ k[A]
A
Integrated rate law: [A]= _[Ah
[A],ak? +1 {
Integrated rate law 1n linearised form: — ———=ak¢
Al [A],
1 Ag ¥ /
3 —
0.75 9 s 3.5 /
£ 3 -~
S L5 Pl
< 05 5: 2 //
- ‘I.f /
0.25 4 ois P
Time P15 ecrrom— - :n.].e enrvTee s

esls
_ [Alo _ 1
- =
3 2 3 ak[AO0]
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NOBTr (g) — product

1

1
[NOBr] =k [\'OBr] (Second Order)
t - 0
[NOB] = (0.810 M 57)#(600 ) +ﬁ
1 102 A !
m:e.mllo M
[NOBr], =1.6x107 M
. 1
k(A |
t, = =160 s
) 0.810 M™"-s7(7.5x107° M)
00)5‘).‘} L)"L""‘ 4w 4> )0 l) ;«Cfu.s dJoleo J? -F-al

dx K( )3 dx kdt K4 t=0,x=0 1
— = — - = > —= = -
TR SR 2(a — x)? ¢ €= a2

kt ! kt+ ! !

= — - =
2(a—x)%? 2a? 2a2  2(a—x)?
oaind STy bl paw a> 0 b ce ps dlolre > -F-l
d[A] d[A] t=0,[A]o=0 -1
—— = —Kk[A]? - — = kdt C=
dt [A] INE 2042

i([A]‘2 - [Al5?)
2t 0

A 3
t=t1—>[A]=Q—>t
5 2

1
2

IV K

2K[A,]?
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d[A] ) d[A] t=0,[Alo=0 —[AlS™
——— =K[A]" - — = kdt C= > -
dt [A]™ 2(a—x)
k= —— (A" = [AF™)
(n—1t 0
Zero-Order First.Order Second. Order
Rale Law Rate = k Rate = kl__.!l: Rate = .i.'l.—'t: z
Intagraled Rate Law [Ay= =kt +[Ay Injd, = =kt +in]d, _]. P _l
(4, 4,
Uinits of Rate Constant (k) mel L-1g=1 gt Emnol~' s~
Lingar Plelta Daterming (k) [A varsus time In[A wversustimea 3 e
7 versus tme
Relationship of Rale Constant to the Stope of slope = —k slope = —k& slope = k
E'.l’ﬁlﬁh[ Lirg
Halklife (4, n2 1
T k KA,
Reaction Order Differential form Integrated form
A—=P zeroth ﬂd%l =-k [A] = [Aln - At
d[A
A—>P first JdTl = -k [A] In[A] = In[A]g - At
A+A—=P sscond ;_dt%lz_sz ﬁ=ﬁ+2m
d[A] 1 [BlolA]
A+B->P second o -k [A][B] kt = Blo1Al ln[A]E[B]

In the above [A]s and [B]o represent the initial concentrations of A and B i.e. their concentrations at
the start of the reaction.



NnN=0
) ]
R
\v\& .
|
t
(N
\ »_\— n=2- T
—(__—k\ ) %\ k=3\o‘0:
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A
= e * 0.4 =exp(—0.00075xt) t=122s
0

In [A]=-kt+In [Ao]
In [A]-In [Ao]=-kt
In ([A]/ [Ao])=-kt
[A]/ [Ao]= exp (-kt)

Sy ol sl 48BN ] jas dns Gloj sl ol azyo (1iSTy S5 snST (0 (5395000 41528 (e

Wil Yae oV ol adgl cdale ST 906 i o] o ,ys AP aS 0lS oo Job gloj 4z 0uS ailo |

flwl juax 4280 VO CubdS 5l o ST (6 (59,00 clale
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(a:k=(n2)/ti.  k=(n2)/17.0 min=0.04077 min’!

(b): 86% decomposed means 14% remains.

InA=-kt+InA, In0.14=-(0.04077 min!) (t) + In 1 — t =48.2 min

(¢): 0.1 Mis A,

In A =-(0.04077 min'") (15.0 min) + In 0.1 In A =-2.914135 — A =0.0542 M

faile oo (SBL onimo yiiSly doyo Ve (ST £g,0 31w Jley ax o Sl jads STy pl gl ce

1) Integrated form of first-order rate law: In A=-kt+1In A, 1n 0.325 =- (k) (540. s) + In
1.00

k =0.00208 s-1

2) Integrated form of first-order rate law: In A = -kt + In A,

In 0.100 = - (0.002081352 s-1) (t) + In 1.00 t=1106s

ax,0 OVA jo Bkl wledlbl oo sols Jgoz .l pgo ax o 2Ty SO b 2Sly 456 (Jle

Sawmlo 1) casmo STy ol Wl jesdand ylo c wlal Cpl 0ol a\)f‘_,’.‘:.;u

CH3CHO—CH4+ CO
time. s  Pressure CIH:CHO, mmllg
0 364
42 330
103 290)
720 132
d..uL: A\ ¥4 :g‘s.?-
t [P] 1/[P] 1/[P]-1/[PO]
0 364 0.002747
42 330 0.00303 0.00028305
105 290 0.003448 0.000701023
720 132 0.007576 0.004828505

Yy



k=6.7*10-6
t=1/k[Ag]=416s

0.006

0.005

0.004

0.003

0.002

0.001

Chart Title

y =7E-06x- 8E-07
R?=1

100 200 300 400 500 600 700 800

fowl jads 1iSTly az 0 a5 alS astive Sl ools b3 STy gl Sledbl Jga (Jlo

2N20s5 (g) —4NO2 (g) + 02 (g)

In [I‘Ilﬂ_d Time {sec)
-2.303 0
-2.649 50
-2.996 100
-3.689 200
4382 300
-5.075 400
-2.0
g,
z -4-.;\
B
6.0
] 00 200 300
Time (51

The plot proves it
is a straight line
and so it is a first
order reaction.

fowl jada STy d> 0 a5 WS aduive .Cawl ools 3 j1iSTy ol Sledbl Jaam (Jloo

2HgCly +C204> —2Cl +2CO,+ HgyCI2
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Initial rate,

Experiment  [HgCL], M [C,0 .M M min™"

| [HgCL], = 0.105  [C,0,7], =015 18X 107
2 [HgCl), = 0.105  [C,0.7], =030 7.1 X 107
3 [HeClL1, = 0052 G051 =030 35x10°

From the rate law:
R, k(0.105)"(0.3)" _(0.105 j _m
R, k(0.052)"(0.3)" 10.052 '

From the initial rates:

R, Tld=i0r
R, 3.5x107

3

=2.0 2=2m thereforem=1

From the rate law

Ry KOI0SI030° ) o0 TIXI0° o
R, k(0.105)0.15)" 18X10°

2"~ 4, n =2 (by inspection)

rate of reaction = k[HgCl,][C,0,*
k = initial rate/{[HgCL,][C,0 > *}
k="7.5x 103 M-2min! (from exp. 2)
rate of reaction = 7.5 x 10 [HgCl,][C,0,*]?

e VTD i b Gl s 095 gy (458) Oloy oy ke o I8 logas (5T oiiSTy o (e

A 1D oSl slp 1y p3Y Glo ausS dwlore 4l o sl +/+ ) adgl clale oS 50 50 2] so Cawds

80.5% complete means 19.5% remaining.
19.5% of 0.0100 M equals 0.00195 M
InA=-kt+1InA,

In 0.00195 = - (7.35 x10%) () + In 0.01—  -6.24 = - (7.35 x107%) (t) + (-4.6052)

1.6348 = (7.35 x107%) (t) — t=22242

Y
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11-The rate constant of a fist-order reaction, A — products, can be determined from a graph of n[A] versus t. Trug
False

2- H;O—2H,+0s: Assume the reaction occurs at constant temperature. For the given reaction above, state the
rate law. State the overall order of the reaction. Find the rate, given k = 1.14 x 102 and [H,0] = 2.04M. Find the
half-life of the reaction.

Rate= k[H20], First — Order, 5.2.33x10257,6.29.7s

Example: The rate of decomposition of azomethane (C,H,N,) was

studied by monitoring the partial pressure of the reactant as a function of
time.

Determine if the data below support a first order reaction.
Calculate the rate constant for the reaction.

Time P
) | (mmug [P Plot of InP vs. time
0 284| 565 5.70
100 220| 5.39 5.60 ¥ =-0.0026x + 5.6485
150 193] 5.26 5.50 1 RZ=1
200 170] 5.14 e 5.40 1
250 150| 5.01 = 5304
T 5201
5.10
5.00
k=2.6x103s1 490 .
0 50 100 150 200 250 300
tme (s)

For the reaction BrOy = 5Br'+ 6H — 3Bry + 3Hy0 at a particulastime, -A[BrOs /At =15 107 M
What is -A[Br } At at the same instant? 7 5y 107 Mk

Which one of the following cannot be a unit for reaction rate: mol/(L s), g/(L s), %/s , g/s, mol/s

and mol/L?

Yo



The following chemical equation reaction represents the decompaosition of gas E at 200° C

5Eg — 4Gy + Gy

This reaction follows 3 second order rate law with regards to E. What is the initial rate of decomposition of E'. For this reaction
suppose thatthe rate constant at 200° C is equivalentto 4.0 x 1072 M ~!s=! and the initial concentration is 0.050 M2
SOLUTION

To do this problem use the rate law
Rate (initial) = k[4]].

We already know k and [A}; but we need to figure out 2. To do this look at the units of k and one sees itis M-'s”" which means the
overall reaction is a second order reaction with = 2.

Initial rate = (4.0 x 107 2M 1 s™)(0.050 M)* = 1 x 107* Ms™!

1) Consider the following reaction:

3A =+ IB

The average rate of appearance of B is given by A 8 #pAt. Comparing the rate of
appearance of B and the rate of disappearance of A, we get
A[B] At=_____x(—-0A] 4t

A) -2/3
Bl +213
C) -3
D) +1

E} +372

Answer: B

2 Nitrogen dioxide decomposes to nitric oxide and oxygen via the reaction:
2NO, -+ 2NO +0,

In a particular experiment at 300 °C, [NO, Jdrops from 0.0100 to 0.00650 M in 100s The
rate of appearance of O, for this period is Mis.

@ 18 x10*

B) 35 %107
C) 7.0 x10°°
D) 35 x107°
E) 7.0 x107

Rate NO»: (0.01-0.0065)/100= 3.5*10"-5
Rate O,: 0.5*3.5*10"-5=1.8*10"-5

A4



6. Consider the reaction: Py + 6 H, — 4 PH;. A rate study of this reaction was conducted at 298 K. The
data that were obtained are shown 1in the table.

[Ps]. mol/L [Hz]. mol/L Initial Rate, mol/(L ~ s)

0.0110 0.0075 320x 104
0.0110 0.0150 6.40x 104
0.0220 0.0150 6.39x 104

a. What 1s the order with respect to: P, 0

H, 1

b. Wiite the rate law for this reaction.  rate = k[H,]

c. Determine the value and units of the rate constant, k. plug and chug using the rate law & data from exp’t 1 and
solving for k. we get k=0.0427 s™!

(1,2) [0.0075/0.015]"=0.5 n=1
(2,3)[0.011/0.015]"=1  m=0
3.2/10000=k[0.0075] k=0.0427  1/s

8. Consider the following mechanssm. A, + B, — R + C  (slow)
A+ R = C (fast)
a.  Wnte the overall balanced chemical equation. 24, + B, — 2C
b. Identify any intermediates within the mechanism. R

¢. What is the order with respect to each reactant? A, 1% B, 1*

A reaction of the form aA ----> Product gives a plot of In[A] vs time in seconds which is a
straight line with a slope of -1.35 x10. Assuming 0.0100 M, calculate the time in seconds
required for the reaction to reach 70.5 percent completion.

Solution:

70.5% complete means 29.5% remaining.29.5% of 0.0100 M equals 0.00295 M
InA=-kt+InA, In0.00295=-(1.35x10%) (1) +In0.01  -5.82=-(1.35x107) (t) + (-
4.6052)

1.22=(1.35x107%) () t=903.7s

v



Consider the decomposition of N,O; to give NO, and O,:
2N,05(g)— 4NOy(g) + O,(2)
/ Concentration (M)
Time
AINO,] 40,0057 M (s) N,0, NO, 0,
\ — 0 0.0200 0 0
100 0.0169 0.0063 0.0016
200 0.0142 0.0115 0.0029
oot AN 20009 M 300 0.0120 0.0160 0.0040
Af=1008 400 0.0101 0.0197 0.0049
\.><._-———01 500 0.0086 0.0229 0.0057
=" ~~——In.0 600 0.0072 0.0256 0.0064
(0] = 00009 M s 700 0.0061 0.0278 0.0070
/./ Af=1005
reactants products
0.00 0 00 300 @0 %0 &0 70 8w decre.ase with incrqsc with
Time (5) tune tume
From the graph looking at t = 300 to 400 s
0.0009M =
Rate O, =W =9x10°Ms™ Why do they differ?
0.0037M s -
Rate NO, =—— " =3.7x10"Ms™ Recall:
N 100s
_0.0019M | 2N,0,(2)—> 4NO,(g) + O,(2) |

Rate N,O, —W=1.9><10"Ms'l

To compare the rates one must account for the stoichiometry.
Rate 02=%x 9x10°Ms™ =9 %10 Ms™
Rate NO, =i x3.7%10°Ms™ =9.2x10°Ms™ Now they

1 agree!
Rate N,0O, =5 1.9%x107°Ms™ =9.5x10° Ms™

YA
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[A]=[AO]-akt X = kt o = [Alo 0
% ~ 2ak
In [A]=-akt+In [A0] In( a ) = kt _In2 1
a—x 97 %
1/[A]-1/[AO]=akt Kt = —— = 1 2
a(a—x) 3 ak[AO]
1/[A]*2-1/[A0]"2=2akt 1 1 3 3
Kt o =2 =2 | &~ KA
1 a _ [A ]1—n n
— 1-n _ 1-n 0

e g Jolas doleo Jo>

d[P dlA
W omw e

d[A
B = ke, [P]

—— = ky[A] — k,[P]

d[A
W ka1 + kP

A
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A?P
dx
e =k;(a—x) —kyx
At ®
L = ,— =
eq.— X = X, it
ki(a—x
ki(a—x.) =kyx, 2>k, = M
Xe
dx dx k,(a—x,) dx kja(x,—x)
dt—kl(a—x)—kzx%a—kl(a—x)—xx—e dt T
dx kia _ t=0x=0 X, X,
= Kkit="1n—"—
Xe—X) X, a X,—X

3 e el CaiS g iiSTy 0 sdis iiSTy slime 4 g 8, iaSTy 40 005l 8 lime 4 WSO 1AST

Dl e Ceadle i 23STy 40 g Cade Cudle 28, 2iSTy

S sl STy gl y oaims yiiSTy olge bl 5 Jobss dloles J> -V -

A ﬁ B 5c att=0, [A]=[Als with at all times [A]+[B]+[C] = [Al.
o1
(1) AR = _ kil
@) dBl= k1Al - k8]
@) dEl- ke

[A] = [Alo exp(-kit). ﬂd%] + K3[B] = ky[A]p exp(-kqt) [B]l= -k T {exp(-kif) - exp(-kat)} [Alo

k1e:<p( Kot) - Koexp(-Kit))
Ka=kK1

Case 1: ks >> k; k, becomes negligible in comparison with k,, [C] = {1 - exp(-kat)} [Ala

since [C] = [Ab-{BIA [C] =(1+ J (AL

Case 2: ko >> ki k, becomes negligible [C]={1 - exp(-kf)} [Al,



A—B
Parallel reactions 5 _2
A =D
d[B] _ d[c] d[D] _
?—kﬂA]; T—kz[A]; = KslA]
d[A] .
&5 - —k4[A] — Kz[A] — k3[A] = —(ky + Kk, + k3)[A] = —k"[A]
d(E“t\ = — (k1 + k2 + k3) [A]
[_\ - [._\:Oe_—nk-_ok;okz:r
d[B]
T k1[A] =Kk, [Ao]e_(k1+k2+k3)t
dt
T kK, '\0 —(ky +hka+kay)t
L Rl ey = f Sl '
- K '.-\.
C — 2 " N]o (1 — —ll:;ol\‘:*kjtt,
[ : (/\'l-‘-k‘_)*l\':}) '
k:}’ t-'\:o . —(ky+ka+kz)t
[D] = (;:.*kg*/.-g)” " :
bl Yee ¥ Sl sl adgl cdale g il ouls ool L Sledlol a5 550 0
CH3COOH=CHsCOO" +H* ki= 1.5x 10*S?
CH3COOH=CHs +COOH ko= 2.4x 10°S?

Ceelos Sy 5 otmy Sl ] il dslons Cansgllas

IA;W)JWL» LSJ)|M0M&L>U‘UL~4)|M Mjlla.a—u
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CHgCeo it - ~ {4 5
(SRR C R > CHzcCoo .f.{.q?

t2

C('_;("i‘&‘ % QC.’"JTCDC“““

R ‘\““—‘_\\ D

e -4
(AJ= 2 Allar :’(‘ =Sy S

» = _S
Kos 2 %" s

Y S a7 S =S, ~
JRRTIS e e R e
—0-52
oy 216
[a3=l-c7 i
SO Bt
-5
o fie s i
T - Ko TAY = 2-4xW x {0t =& ’
D&y e J
2 <
P E J/uolc

j'\"l cHz =
- ) -s

=S .
l m . léy2ome = &y0 9
mole = '7\—)—( —» N

A 55) Gy oo ool Lyl b b (65lge iiSTy sl |y e o aolae (o

Simultaneous first- and second-order reactions’

AZsC
A4A-%D
d[C] d[D] 2
ot ~llAl g =kl
d[A -
% = —k; [A] — 2k; [A]?
1 2k (2k2+L)e (—kit)
Al ki AL T

Competing second-order reactions® A + A 1. As

A+B-L P

B P,

d[4,] d[P,] d[P;]
o =kal, T = ke[AlLBI, &~ KslBI

Y



d[B] d[A]
S =K [AlB] —ks[B] i = —k[A][B] - 2k, (AT
1SS
dl4;]  1d[4] dlA]d[4;]
dt 2 dt dt dt
Solution for the case [A] = [B]:
T8 — ok (AP~ k(] [B]

~ —2k, [A]?

T

W

[A] = ([Aly ™ +2k:t)

__ (A
1+ 2k [A] ¢
d[B] o
—= = —ky [A] [B] — k3 [B]

This is another inheamogeneous first-order DE, for which the solution can be found
as outlined in Appendix C, giving

] = [Bly % (14 2k [A], t)7%/% % exp (—kst
B] = [Blo x (14 2k [Alg )7/ x exp (—kst)
Example: CH;+ CH; - CyHg CHs +OH —— CH, + H;O OH - P,

S 53l kol 00 STy Slye o s |y STy s pw 5ilB o ool 2iSTy (ol (L

ke
NO (g) +Br, (g);—’ NOBr, (g) fast

k
NOBr, () + NO(g)——=2—2NOBr slow

Br,(g) + 2NO (g) - 2NOBr (g)

[NO][Br, ]k,

at eq. in fast reaction, [NO][Br,]k; = [NOBr,]k_; — [NOBr,] = m
-1

[NOJ? [Bry]k;k;

I' = Isjow reaction = 2Kz [NO] [NOBFZ] =2 K
-1

sosas Sty clale wlul pegloy ply Jolai e STy 00 91,8 Ol s coals ool STy (gl (L
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5] = k[z ]
d[p] _ _ kq[A]ks[C]
i = KalBIIC) = =0

d[B

% — Kk, [A] — k,[B] — ks[B][C]

T
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categories of phase transformation based on atomic movement

1- Diffusional (random-non depended)- thermally activited -civilian- reconstractive
transformation: change in phase composition or number of phases present

55 el gal s e s ey ol il L3 ey S el b bLS ) s ayam 56 Jbie S Lzl
o8l 5 olozl b KKy WSS L S Iy et Wl oo ploand S 5

Same yski b ol 005 g Jre el 0o 5 Lo @l ol 516 luie

Sloge3

-
-

B
B

temperature
temperature

rate (1/t) ) ——————— > log (t,5)

2- shear-athermal-military- displasive transformation- martensitic transformation
Sls sl LE Jley S glexsbo b aas 56 Jbi S olossle
(56 0y Voo o) el Olasl> 10 Ggo ey pgus SO o)l Lod 2l ol 51 lade
3- mixed:
bainitic transformation

@ Vgone Vb o po Jy ool o8 > Jolsipod b (ol LSl ;i b Iy (alerd oS5 50 S g 500 S 4 5B 6 oS
g 0 olonl LB 5 ails; e 5l 0l 0063 e
Phase transformations do not occur instantaneously. Diffusion-dependent phase transformations

can be rather slow and the final structure often depend on the rate of cooling/heating. We need to
consider the time dependence or kinetics of the phase transformations.

Kinetics — the time dependence of rate

» The fraction of reaction that has occurred is measured as a
function of time

» Hold temperature constant & measure conversion vs. time

o



rate at constant temperture:

1-Consider the isothermal transformation (at constant temperature) of a disordered (amorphous)
solid to an ordered (crystalline) solid.

The amount of amorphous material transformed to crystalline material, dx (on a volume basis)
per unit time, dt, is given by

d;f k{l )rﬂ—l
— = K — %
dt

Where the quantity (1 —x) is the fraction of amorphous material remaining, n is the reaction order,
t is time, and k is the reaction rate constant. (jonson-mehl-avrami) n=0.5

x = 1 — exp[—kt"] In[—In(l —x)]=Ink+nlnt
Sl asly (o b (0,2) ol 00 ) oy allowiul a5 cnl ools 5l (6,08 X Lf

Thus, a plot of In[~In(1 — x)] versus In t yields a straight line of slope n.

Mechanism n

Bulk nucleation, 3-dimensional growth
Bulk nucleation, 2-dimensional growth
Bulk nucleation, 1-dimensional growth
Surface nucleation

(SO SR

=k

N

All‘out of material - done

Fixed T

0.5 ---—---=--mmu-- «—— maximum rate reached — now amount
unconverted decreases so rate slows
]

|

i

:_,..--' rate increases as surface area increases
1 1

1.5 & nuclei gch:w S-shape curve: percent of
Nucleatior Growth ‘ lo g matenal transformed vs

e o the logarithm of time.

S Sl s G555 el |y yas ot loy Wil oxlans (g 58 a4 5500 (ke
x =1 —exp[—kt"]

1 —exp(—kt) =0.5

exp(—kt) = 0.5
—kt=-0.69

. _069

0.5 — k

¥5



Rate of phase transformations

Rate of transformation can be defined as reciprocal of time
for transformation to proceed halfway to completion:

r= 1/t

Rate increases with temperature according to Arrhenius
equation, characteristic for thermally activated processes:

r = Aexp (-QyKT) = Aexp (-Q,/RT)

T IIIIIH]

Percent recrystallized

Time (min)
(Logarithmic scale)

Percent recrystallization of pure copper at different T
2- grain growth

D2-Do*=k (t-to)

il g Sw B+ &l 031 B 0t o Jsb casles ¥ oS oo o5 a8 A v v slas 15 1) (5 yimg See YO il o3l L 5LIT S5 (Lt

b Gl eg e Voo B0 5l Les pren 0 b aiS o Jobo Soe az o a0l

50%-25%=2k
1002-50°=kt
t=8 h

3- e oud el Sles b st SLIT G sl calises slele; 5o U5 (55,8 Sliges, 0501 (e
R3-R¢*=k (t-to)

sl 0 4 gy B 08 a s el ¥ i o 5 oS A (slod 53 1, 5 20l O (55,8 (slaagmy 6308 59 5T 2 o (Jls

il Gl gl Ve 4y il 00 5l Les ram 0 b 0SS o sk e az ol Gl

503-25%=2k
1003-50°=kt
t=16 h
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rate at different temperture (arrhenius equation)
1- recrystallization
2-age hardening
S gy w8 )0 (FE e Sle 4 () Sl pY Gl (eSS

Oles 45 (Gyg 50 S sl Gy (glS B0 (slos o ST o (o gy a0 (e ey Sl @ i sl Y ey (e

3L Joe 2 Jo3okS TV oiladlad (5551 a5 (G50 j0 ol col B (nglS PO los 55 (S e Sle 4 (0,

rn Q@1 1
Inl=2(———
n RT, T,
t 11
Zn—1=9(———)
t, R'T, T,

t=515h

5_42000(1 1 )

In T =8314\650 500

3- tempring
O (e Sy Gy Sl oY Ol (eSS

@ oy Gl ey 55509 YO e 4 Sl ¥ ClddS jlam ile a0 Voo los jo Sy el Slles 0 a5 50,0 (Jle

A3l Jse 0 Jo5eS YO (giladled (g5, a5 550 10 .Cuwl p3¥ gloy Do az ol 5 ile az o Voo gleo jo SBrw e

> ol

t =0.42h =26mins

2_35000(1 1 )

"t T 8314 \473 573

4- vacancy
—Q
X, = Aexp (ﬁ

5- solute in solvent
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X 1 1
zn—2=9(———)
X, R'T, T,
z 0.004_Q( 1
"0.01 R\773 673
X Q/ 1
ln—=—<———
001 R\773 873

Diffusion Fick (1855):

) Q = 3899 KJ/mol

) X =0.019 OR 1.95%

Roles of Diffusion

P
Oxidation Creep
Metals E—— Some mechanisms
Sintering Aging
Precipitates
Doping Carburizing
Semiconductors ‘ ’ Steels
I :
Many mo J
Material Joining

Diffusion bbnding

the flux of a substance quantifies that the rate at which a substance flowed through a unit area, the
flux is a vector that is parralel to local direction of the flow: [flux] = [quantity]/([time]-[area])

m

J=ta

a scaler field associate with a physical quantity with position e.g composition c(x)

This is also referred to as the movement of a substance down a concentration gradient.

A gradient is the change in the value of a quantity (e.g., concentration, pressure, temperature) with
the change in another variable (e.g., distance).

&



Fick’s I law

O Assume that only B is moving into A

0O Assume steady state conditions — T # f(x.t) (No accumulation of matter)

Flux(J) = atoms / area  time = concentration gradient | (Truly speaking it is the

chemical potential gradient!)
de
J d_
v B (Ej Av= _ Ax
de dt dx
J=-D o Feksfistlay Continuity equation
1 dn* D de Diffusivity (D) — f(Concentration of the components, T)

- Diffusion coefficient/ Diffusivity

No. of atoms ﬂ}’i‘. L~ dc\' )
crossing area A -4._‘: - D A ‘!'_: Cross-sectional area
T unit time \Af 7 ~ V!
b= ‘dt/ / | dx' I—' Concentration gradient

—ve implies matter transport is down the concentration gradient

0O As a first approximation assume D = f(t)

A 0.01 nm thick foll of iron separates a gas zfantnlning 15 x 10% H
atomssm~ from ancther chamber containing 6 x 10 H atoms/m". If the

system is operating at 1000°C and the iren is FCC, calculate (a) the

concentration gradient of hydrogen through the foil and (b) the flux of
hydrogen atoms through the foil.

(a) the concentration gradient 1s:

Ac _ 6 x 107 - 1 x 10%
0.01 x 1077
Using D for H in FCC Fe at 1000°C = 1.07 x 10° m°s .

= -9.9999 x 10° atoms/i .m

(B) The flux is:

J = -Dhc/bx
- (1.07 x ;p"’){-insg; x 10%%)

10.6%9 x 107 atomss(m s)



Factors affecting diffusivity

1- temperture
O ]
D=D —_—
b exp[ RT

higher temperature (increase the thermal vibration of the atoms about their equilibrium sites)
indicates higher diffusion rates. Yet, this depends in general on the melting temperature of the
solute and the solvent

2- crystal structre

3- atomic radious

4- melting point

5- coordination number
Dsurface>Dg,b > DPipe > Dlattice

Diffusion Paths with Lesser Resistance

Experimentally determined activation energies for diffusion

O < <0. <0

< surface <~ grain boundary < pipe < lattice

Lower activation energy automatically implies higher diffusivity

= Core of dislocation lines offer paths of lower resistance
— PIPE DIFFUSION

= Diffusivity for a given path along with the available cross-section for
the path will determine the diffusion rate for that path

6- time

Diffusion FASTER for...
* open crystal structures
* lower melting T materials

* materials w/secondary
bonding

* smaller diffusing atoms
« cations

* lower density materials

Diffusion SLOWER for...
* close-packed structures
* higher melting T materialg

* materials w/covalent
bonding

* larger diffusing atoms
* anions

* higher density materials

A



5t Poxz

concentration of diffusing zpecies
concentration of diffusing species

position, x distance

Steady-state diffuzion Nor-steady-state diftusion

solution of second ficks equation
1- thin film solution

a- semi infinite bar

» Example: copper diffuses into a bar of aluminum.

Surface conc.,
°e o b ® bar e

G0 O pre-existing conc., Cq of copper atoms

semi-infinite solid

N P—.\': /4Dt
Dt

c(x.t) =

as determined by this diffusion kinetics equation, the concentration profile of carbon at various
times will be like this
&

C t B>h>fh

v

oY



b- two infinite bar

The above diffusion is one-direction (0 = +o0). But if we extends it to two-way, from - to +w
(like a droplet dissolved into a solution) with dopant at x=0, then we have

2L C(x0=C, x>0
B .o Cx0)=C, x<0
. C(~0,t) = C,
- C(oo,t) = C,
C
Clut)—C, mf( x J j
Cg - Cg 2 ) EI
CS = (CI +C2 )fz CE

3- Semi-infinite solid with constant surface composition

a- Interdiffusion (the carburization of steel): doping of steel with carbon

Considerine boundary conditions:

¢ (x =0)=rc;, constant, fixed.

¢ (X = @) = ¢y, corresponding to the original concentration of carbon existing in the phase.
remains constant in the far bulk phase at x = ==.

X
2 *.."E

c(x, t)=c;— (c;—cglerf (

)

the concentration profile shown above follows this diffision equation.

Now let’s consider Interdiffusion as shown below, which represents more general cases.

oY



Fort=20,
Fort=0, C=C:atx=0

C=Cpat x=o

c(x=0,1=0): 0
¢(x=0,1): const.

And the solution is

ot

C
-9=1—eff[ A2
-C 2+ Dt

5 1]

c

b- Decarburization

X
C = C erf]| ——
0 [2JD:]

Co = Initial bulk concentration

C=Cat 0=<=x=wm

Co—C(x,1) =crf[ X )
C,-C, 2JD1
4 fo< t1< 1,
to
1
t2

We would like to produce 0.45X C at a distance of 2.5 mm beneath the

surface of a steel part by carburizing.
introduced

If the steel originally contalins
to the surface, how long will
Assume the iron is FCC.

= (.23 exp (-12.05945)

2.5 % 107

0.15%C and 1.2% C 1s
carburizing take at 1100 C.
_ 137, 660
D =0.23 exp [ (8. 3141 ((1373)
=1.332 x 107'° w'ss
1.2 - 0.45 = erf
1.2 -0.15 2
0.7143 =

aa
]

1.332 % 107"%

arf (108, 3244%)

239475 = 6.65 hours

Of



An FCC 1{011 5tructul"e is to be manufactured that will allow no more than
100 x 10" H atoms/m” to pass through it in one Snlnute at 950 C. the
composlitlion nga the hydrogen& 15 1 x 10-°H atoms/m" on one side of the foil
and 5 x 10 H atomssm~ on the other side. Calculate (a) the
concentration gradient and (b) the minlmum thickness of the iron
required.

J = 10° atoms/(n® minute) = 166.67 atoms/(m's)

D for H in FCC Fe at 950°C = 9.09 x 1u""' 113/5

_ -9, Ac
166.67 = -(9.09 x 10 ]'Ei
Ac

e = -1.8335 x 102 atoms/m .m

Ac =5 x 10° - 1 x 10%® = -9.95 x 10°° atoms/m’

Ax = -(9.95 x 10°°)/(-1.8335 x 10'®) = 5.43 x 10 m

s minimum thickness is impractical.

A carburizing process is done to a 0.15% C steel by intreducing 1.1% € at
the surface at 1000 C, where the iren 1s FCC. Calculate the carbon
content at 0.1 mm, 0.5 mm and 1 mm beneath the surface after 1 h.

B -4 137,660
D=0.23 % 10 E*P[ 2. 314]11273 ]

= 51637 x 107"} n'/s

1.1 - %

-

= erf 4
2v5. 1637 x 107" (3600)

= erf (1159.68 y)
» %X = 1.1 - (0.95) erf (1159.68 y)
For vy = 0.1 mm = 0.1 » 10°n
erf[(1159.68) (0.1 % 107°)] = erf (0.11597)
=0.1
ax=1.1- [(0.95)(0.1)]1 = 1.005% C
For y =0.5mm=0.5%10"m
erf[(1159.60)(0.1 x 107°)] = erf (0.5798) = 0.6
sx=1.1- [(0.95)(0.6)] = 0.53% C
Fory=1mm=1x10"m
erf[(1159.68) (1 x 1077)] = erf (1.1597) = 0.9

~x=1.1- [(0.95)(0.9)] = 0.245% C

0o



We would like to produce 0.2X C at a distance of 1 mm beneath tlge surface
of a 0.01% C steel part by carburizing. If we carburize at 975 C for

10 h, how much carben must we expose te the surface of the part? Assume
the steel is FCC during treatment.

137, 660

= A1) (12887

-4
(0.23 % 1077) exp [- =

(0.23 x 107%) exp (-13.26732)

3.979 x 107! nPrs

t = (10)(3600) = 36,000 s

= b

1.0 x 1077
1 = arf - e
2 V(3,979 x 107 ) (36, 000)

erf (0.42) = 0.4

A= 0.2=10.4 (x-0.001) =0.4¢ - 0.004
w0, Bx = 0.19%

=X = 0.32TH C

Consider one such alloy that initially has a uniform carbon concentration of 0.25 wt%
and is to be treated at 950 degrees Celsius (17500F). If the concentration of carbon at
the surface is suddenly brought to and mainted at 1.20 wt%, how long will it take to
achieve a carbon content of 0.80 wt% at a position 0.5 mm below the surface? The
diffusion coefficient for carbon in iron at this temperature is 1.6 x 10-11 m”2/s;
assume that the steel piece is semi-infinite.

N



Co=0.25wt% C
Cs=1.20wt% C

Cx = 0.80 wt% C
Xx=050mm=5x10-4m
D=1.6x10-11 m2/s
Thus,

C,-C,_080-025 (5%107*m)

- =1-erf =Y )
C,-C, 120-025 2;7(1.6><m m’/s)(f)

We must now determine from Table 5.1 the value of N for which the error function is 0.4210. An interpolation is necessary, as

z erf(z )
0.35 0.3794
z 0.4210
0.40 0.4284
N=10.392
Therefore,
[y AT
—_—=0.392

Ji

and solving for t,

_ 62.55"

t =————=254005="7.1h
0.392

oy



